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Introduction

Loss of post-mitotic neurons from the adult brain underlies the pathology of neurodegenerative
diseases and neurotoxin exposure. Neuronal cell death occurs by two mechanisms: necrosis and
apoptosis. Apoptosis is a process whereby developmental cues and environmental stimuli activate a
genetic program to implement a series of steps that culminate in cell death. An important aspect of
apoptosis is that it can be halted and such interventions may rescue dying neurons. The overall goal of
this project is to identify key protein kinases involved in regulating neuronal survival and apoptosis. The
aims for the this year of funding as described in the Statement of Work were to: 1) Continue studies on
protein kinase cascades that regulate neuronal survival, 2) Modulate the protein kinase cascades regulated
by neurotrophic factors and determine the consequence on neuronal survival and death, and 3) Begin
studies examining the cross-talk in pro-apoptotic and anti-apoptotic protein kinase signaling cascades.
The progress made in these areas, described below, has resulted in 6 published manuscripts, 1 invited

chapter, and 16 abstracts presented at national and international scientific meetings.

Task #1. The first task is to identify protein kinase cascades that regulate neuronal survival.

Our previous identified MEF2 as a transcription factor downstream of a depolarization-
dependent, calcium-regulated pathway that controls neuronal survival. During this progress report period,
we completed a study aimed at determining whether the protein kinase GSK-3b regulates MEF2 in
apoptotic neurons. To investigate a potential role for GSK-3b in MEF2D phosphorylation, we examined
the effects of lithium, an uncompetitive inhibitor of GSK-3b, on MEF2D in granule neurons induced to
undergo apoptosis. Lithium inhibited caspase-3 activation and DNA condensation and fragmentation
induced by removal of depolarizing potassium and serum. Lithium suppressed the hyperphosphorylation
and caspase-mediated degradation of MEF2D. Moreover, lithium sustained MEF2 DNA binding and
transcriptional activity in the absence of depolarization. Unexpectedly, MEF2D hyperphosphorylation
was not blocked by either forskolin, insulin-like growth factor-I, or valproate, three mechanistically
distinct inhibitors of GSK-3b. These results suggest that lithium targets a novel kinase, different from
GSK-3b, that phosphorylates and inhibits the pro-survival function of MEF2D in cerebellar granule
neurons. These results were published in the Journal of Neurochemistry ( Appendix #1).

The mechanism by which calcium influx regulates MEF2 activity in neurons is complex and
involves multiple effector proteins that modulate MEF2 activity. In the last year we demonstrated that
depolarization-mediated MEF2 activity and granule neuron survival are compromised by overexpression
of the MEF2 transcriptional repressor histone deacetylase-5 (HDACS). Furthermore, induction of

apoptosis by removal of depolarizing extracellular potassium induced rapid cytoplasm-to-nuclear
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translocation of endogenous HDACS. This effect was mimicked by addition of the calcium/calmodulin-
dependent protein kinase (CaMK) inhibitor KN93 to depolarizing medium. Removal of depolarization or
KN93 addition increased the mobility of HDACS on polyacrylamide gels, consistent with its
dephosphorylation. Moreover, HDACS co-precipitated with MEF2D under these conditions. Induction
of HDACS5 nuclear translocation by KN93 resulted in a marked loss of MEF2 transcriptional activity.
MEF2 inactivation was followed by caspase-3 activation, microtubule disruption, and chromatin
fragmentation. To selectively decrease CaMKII activity, cerebellar granule neurons were incubated with
a fluorescein-labeled, phosphorothioate antisense oligonucleotide to CaMKIla. Antisense to CaMKlla
decreased CaMKlIa protein expression and induced nuclear shuttling of HDACS in granule neurons
maintained in depolarizing medium. Selectivity of the CaMKIIa antisense was demonstrated by its lack
of effect on CaMKIV-mediated cAMP-response element binding protein phosphorylation. Finally,
antisense to CaMKIla induced caspase-3 activation and apoptosis, whereas a missense control
oligonucleotide had no effect on neuronal survival. These results indicate that depolarization-mediated
calcium influx acts through CaMKII to inhibit function of the MEF2 repressor HDACS, thereby
sustaining high MEF2 activity in cerebellar granule neurons maintained under depolarizing conditions.

This work is currently in press in the Journal of Biochemistry (Appendix2).

Task #2 The second task is to determine whether activation or inhibition of the neurotrophin-
regulated kinases is necessary or sufficient to influence neuronal survival.

Cerebellar granule neurons depend on insulin-like growth factor-1 (IGF-I) for their survival.
Studies in the last year have indicated that IGF-I promotes neuronal survival by suppressing key elements
of the intrinsic (mitochondrial) death pathway. IGF-I blocked activation of the executioner caspase-3 and
the intrinsic initiator caspase-9 in primary cerebellar granule neurons deprived of serum and depolarizing
potassium. IGF-I inhibited cytochrome C release from mitochondria and prevented its redistribution to
neuronal processes. The effects of IGF-I on cytochrome C release were not mediated by blockade of the
mitochondrial permeability transition pore since IGF-I failed to inhibit mitochondrial swelling or
depolarization. In contrast, IGF-I blocked induction of the BH3-only Bcl-2 family member, Bim, a
mediator of Bax-dependent cytochrome C release. The suppression of Bim expression by IGF-I did not
involve inhibition of the c-Jun transcription factor. Instead, IGF-I prevented activation of the forkhead
family member, FKHRL1, another transcriptional regulator of Bim. Finally, adenoviral-mediated
expression of dominant-negative AKT activated FKHRL1 and induced expression of Bim. These data
suggest that IGF-I signaling via AKT promotes survival of cerebellar granule neurons by blocking the

FKHRL1-dependent transcription of Bim, a principal effector of the intrinsic death signaling cascade.

These results were published in The Journal of Neuroscience (Appendix3).
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Recent studies in the lab have revealed that the prosurvival transcription factor MEF2 is another
target for IGF-I in cerebellar granule neurons. We have previously reported that the transcription factors
MEF2A and MEF2D are hyperphosphorylated and degraded when granule neurons undergo apoptosis.
Recent studies in the lab using electrophoretic mobility shift assays (EMSAs) have shown that IGF does
_ not prevent loss of MEF2D DNA binding but does inhibit its degradation. Since degradation of MEF2
proteins appears to be mediated by caspases, fututre studies will examine which caspase(s) is inhibited by
IGF-1L.

Task #3 The third task is to determine whether there is cross-talk between pro-apoptotic and anti-
apoptotic signaling pathways.

In the past year, we have discovered a novel programmed death pathway in Purkinje neurons.
Under the same conditions that induce apoptosis of granule neurons, the Purkinje neurons die by a slower
programmed mechanism that involves activation of autophagy. We demonstrated that the death process
activated in cerebellar Purkinje neurons following trophic factor withdrawal is autophagic by several
methods. The abundant cytoplasmic vacuoles that form in degenerating Purkinje neurons stain with
lysosensor blue, a pH-sensitive dye that only fluoresces in acidic cellular compartments, and
monodansylcadaverine, an autofluorescent drug that specifically accumulates in autophagic vacuoles.
Also, in collaboration with Dr. Charleen Chu at the University of Pittsburg, we were able to demonstrate
the appearance of multiple-membrane autophagic vacuoles in degenerating Purkinje neurons by
transmission electron microscopy. In addition, a method for quantifying the degree of Purkinje neuron
vacuolation was developed based on the size distribution of lysosensor-positive Purkinje vacuoles.

We were also able to demonstrate that death receptor signaling is involved in the regulation of
Purkinje autophagy and death. Adenoviral dominant-negative FADD infection prevented the death and
vacuolation of Purkinje neurons induced by trophic factor withdrawal. The addition of exogenous death
ligand, TNFa, was able to induce death and vacuolation in Purkinje neurons. However, we were unable
to find evidence implicating TNFa as the mediator of death during trophic factor withdrawal as soluble
death receptor-Fc proteins, ligand-neutralizing antibodies and chemical inhibitors of the TNFa synthesis
pathway did not increase the survival of Purkinje neurons undergoing trophic factor withdrawal.

The p75 neurotrophin receptor is implicated in mediating many diverse neuronal processes
including cell cycle arrest, neurite extension, neuronal survival and neuronal death. p75ntr is highly
expressed by Purkinje neurons during development and following axotomy of adult neurons. Nerve
growth factor (NGF), one of the neurotrophin ligands for p75ntr is required for proper development and
survival of many types of neurons both in vivo and in vitro, including Purkinje neurons. Since p75ntr is

also a member of the death receptor family, we wished to examine if it was involved in the autophagic
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death of Purkinje neurons. Exogenous NGF increased survival and decreased vacuolation of Purkinje
neurons undergoing trophic factor withdrawal. Conversely, NGF-neutralizing antibodies decreased
survival and induced vacuolation of Purkinje neurons. Antisense to p75ntr had two effects on the cells in
the culture. In cells maintained in complete media, antisense to p75ntr decreased the survival of both
Purkinje and granule neurons. However, the antisense increased survival and delayed the onset of
vacuolation of Purkinje neurons following trophic factor withdrawal. These results are consistent with a
model in which liganded p75ntr signals survival and unliganded p75ntr may engage an alternate pathway

that signals death. These results are in the process of being submitted to Neuron.

KEY RESEARCH ACCOMPLISHMENTS

Our key research accomplishments over the last year lie in several areas. One is identifying protein
kinases and phosphatases that regulate transcription factors controlling neuronal survival and death. We
have also examined the intrinsic and extrinsic death machinery in cerebellar neurons and the protein
kinases that impact on the death process. Perhaps, the most exciting finding over the last year is the
discovery that different types of neurons use distinct molecular mechanisms to die. While granule
neurons die by a classic apoptotic pathway when deprived of trophic support, Purkinje neurons in the
same cultures die by an autophagic pathway. Interestingly, the morphology of autophagic death seen in
our cultures closely resembles the morphology of neurons seen in a variety of neurodegenerative diseases

postautopsy.
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Conclusions

The scope of research over the last year has been to continue experiments outlined in Task#1, Task#2,

and Task #3 of our original research proposal. Towards this goal, we have identified a number protein

kinase cascades and effectors that regulate neuronal survival and apoptosis. In cultured rat cerebellar

granule neurons, a good model for studying apoptosis in primary differentiated neurons, we have studied

various aspects of 2 different pathways that regulate neuronal survival, an IGF-I-regulated protein kinase

pathway involving PI-3 kinase and Akt and a Ca++ sensitive pathway regulating the activity of a family

of transcription factors (MEF2) that signal survival. We will continue to examine other components of the

intrinsic death pathway, i.e. Bax and determine how they interact to promote cell death. Experiments are
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also planned to continue studying the regulation of MEF2s in neurons and identify the genes that are

transcriptionally modified by this family of transcription factors.

Appendices: 3 MANUSCRIPTS attached
6 ABSTRACTS attached

10




a

Journal of Neurochemistry, 2003, 85, 1488-1499

doi:10.1046/j.1471-4159.2003.01790.x

A myocyte enhancer factor 2D (MEF2D) kinase activated during
neuronal apoptosis is a novel target inhibited by lithium

Daniel A. Linseman, Brandon J. Comejo, Shoshona S. Le, Mary Kay Meintzer, Tracey A. Laessig,

Ron J. Bouchard and Kim A. Heidenreich

Department of Pharmacology, University of Colorado Health Sciences Center and the Denver Veterans Affairs Medical Center,

Denver, Colorado, US4

Abstract

Depolarization promotes the survival of cerebellar granule
neurons via activation of the transcription factor myocyte en-
hancer factor 2D (MEF2D). Removal of depolarization induces
hyperphosphorylation of MEF2D on serine/threonine resi-
dues, resulting in its decreased DNA binding and susceptibility
to caspases. The subsequent loss of MEF2-dependent gene
transcription contributes to the apoptosis of granule neurons.
The kinase(s) that phosphorylates MEF2D during apoptosis is
currently unknown. The serine/threonine kinase, glycogen
synthase kinase-3f (GSK-3B), plays a pro-apoptotic role in
granule neurons. To investigate a potential role for GSK-38 in
MEF2D phosphorylation, we examined the effects of lithium,
a non-competitive inhibitor of GSK-3p, on MEF2D activity
in cultured cerebellar granule neurons. Lithium inhibited
caspase-3 activation and chromatin condensation in gran-
ule neurons induced to undergo apoptosis by removal of
depolarizing potassium and serum. Concurrently, lithium

suppressed the hyperphosphorylation and caspase-mediated
degradation of MEF2D. Moreover, lithium sustained MEF2
DNA binding and transcriptional activity in the absence of
depolarization. Lithium also attenuated MEF2D hyper-
phosphorylation and apoptosis induced by calcineurin inhibi-
tion under depolarizing conditions, a GSK-3B-independent
mode! of neuronal death. In contrast to lithium, MEF2D
hyperphosphorylation was not inhibited by forskolin, insulin-
like growth factor-1, or valproate, three mechanistically distinct
inhibitors of GSK-38. These results demonstrate that the
kinase that phosphorylates and inhibits the pro-survival func-
tion of MEF2D in cerebellar granule neurons is a novel lithium
target distinct from GSK-3p.

Keywords: apoptosis, cerebellar granule neuron, glycogen
synthase kinase, lithium, MEF2 transcription factor, phos-
phorylation.

J. Neurochem. (2003) 85, 1488—1499.

Apoptosis is a programmed form of cell death executed via
the cleavage of critical cellular proteins by the caspase family
of cysteine proteases (Shi 2002). Neuronal apoptosis is a
highly regulated process that plays a key role in the normal
development of the CNS (Nijhawan et al. 2000; Roth and
D’Sa 2001). Aberrant neuronal apoptosis often occurs during
adulthood and is thought to contribute to the development
and progression of debilitating neurodegenerative diseases
including Alzheimer’s, Parkinson’s, Huntington’s, and Cre-
utzfeldt-Jakob disease (Honig and Rosenberg 2000; Andet-
sen 2001; Kawashima et al. 2001). In addition, significant
apoptosis of transplanted neural tissue is one of the major
impediments to neurotranplantation as a potential treatment
for neurodegenerative disease (Schierle et al. 1999). Eluci-
dation of the cellular signaling pathways that regulate
neuronal survival and apoptosis is necessary to develop
useful therapeutics to combat neurodegenerative disorders

Received January 22, 2003; revised manuscript received March 4, 2003;
accepted March 5, 2003.
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Abbreviations used: BSA, bovine serum albumin; CGN, cerebellar
granule neuron; CK-2, casein kinase-2; CREB, cAMP response element
binding protein; CyA, cyclosporin A; DAPI, 4,6-diamidino-2-pheny-
lindole; EMSA, electrophoretic mobility shift assay; GSK-3f, glycogen
synthase kinase-3f; HMC, high molecular weight protein-DNA
complex; IGF-I, insulin-like growth factor-I; LMC, low molecular
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serum response factor; MAPKAPK-2, mitogen-activated protein kinase-
activated protein kinase-2; MEF2, myocyte enhancer factor 2; PBS,
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protein kinase A; PRAK, p38-regulated/activated protein kinase;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis; VPA, sodium valproate.
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and to enhance the surv1val of donor neurons following
transplantation.

Primary cultures of cerebellar granule neurons (CGNs)
isolated from ' early postnatal rats are a well-characterized
in vitro model for investigating neuronal apoptosis. CGNs
require both serum-derived growth factors and depolariza-
tion-mediated calcium influx for their survival and die by
apoptosis when deprived of this trophic support (D’Mello
et al. 1993; Atabay et al. 1996). Recently, a transcription-
dependent mechanism was identified for the pro-survival
effects of depolarization in CGNs. Depolarization activates a
calcium-sensitive pathway that enhances. the DNA binding
and activity of the myocyte enhancer factor 2 (MEF2)
transcription factors (Mao ‘et al. 1999).

The mammalian MEF2 family is made up of four distinct
isoforms (MEF2A, B, C and D) (McKinsey et al. 2002). The

" MEF2 proteins are members. of the MADS (MCMI-

agamous-deficiens-serum response factor) family of tran-
scription factors (Shore and Sharrocks 1995). MEF2 genes
were originally identified in cells of skeletal, cardiac, and
smooth muscle lineages and play a key role in the myogenic
differentiation of these tissues (Black and Olson 1998). In the
CNS, the expression of MEF2 proteins is associated
temporally and spatially with the initiation of post-mitotic
neuronal maturation (Lyons et al. 1995). For example, the
maturation of cerebral cortical neurons in vivo is associated
with an enhanced expression of MEF2C (Leifer ef al. 1993).
Similarly, development and differentiation of the internal
granule cell layer of the cerebellum involves the co-ordinated
up-regulation of MEF2A and MEF2D (Lin ef al. 1996).
In vitro studies further support an essential role for MEF2
proteins in promoting neuronal survival. Transfection of
primary cerebral cortical neurons with a dominant-interfering
mutant of MEF2C induces apoptosis of these cells, whereas
expression of a constitutively active MEF2 mutant signifi-
cantly attenuates apoptosis of CGNs following removal of
depolarizing potassium (Mao et al. 1999). Thus, MEF2
proteins are critical for the survival and differentiation of
post-mitotic neurons in vitro and in vivo.

Recently, we identified two specific MEF2 1soforms
MEF2D and MEF2A, as substrates for caspase-dependent
cleavage during the apoptosis of CGNs (Li et al. 2001).
Following the removal of depolarizing potassium, MEF2D
and MEF2A are rapidly hyperphosphorylated on serine/
threonine residues. This hyperphosphorylation is followed by
decreased DNA binding and cleavage by caspases to
fragments that dissociate the NH,-terminal DNA binding
domain from the C-terminal transactivation domain. The
NH,-terminal MEF2 fragments in turn act as dominant-
interfering transcription factors by inhibiting the DNA
binding of full-length MEF2 proteins. The loss of MEF2
DNA binding, and the formation of truncated MEF2
fragments that have the potential to act as dominant-
negative transcription factors, results in a marked decrease

Lithium inhibits a MEF2D kinase in neurons 1489

in MEF2-dependent transcription of putative pro-survival
genes that contributes to neuronal apoptosis (Li et al. 2001;
Okamoto et al. 2002). _
~ In the above cascade of events, the initiating signal is the
hyperphosphorylation of MEF2D and MEF2A on serine/
threonine residues induced by removal of the depolarization -
stimulus. The phosphorylation that occurs on these proteins
during apoptosis is functionally distinct from phosphoryla-
tion events that have previously been reported to enhance
MEF?2 transcriptional activity (e.g. via ERK5 or p38 MAP
kinase) (Han et al. -1997; Kato et al. 1997). In fact, the
hyperphosphorylation observed on MEF2D and MEF2A
under non-depolarizing (apoptotic) conditions in CGNs
results in a loss of MEF2 transcriptional activity (Li et al.
2001). Identification of the kinase(s) that phosphorylates
MEF2 proteins during neuronal apoptosis is critical to
understanding the regulation of these transcription factors.
Recently, we showed that the serine/threonine kinase,
glycogen synthase kinase-3B (GSK-3B), is involved in the
apoptotic death of CGNs (Li ef al. 2000). In the current
study, we found that lithium, a known inhibitor of GSK-3
(Klein and Melton 1996; Stambolic ef al. 1996) that has
previously been documented to protect CGNs from apoptosis
(D’Mello et al. 1994; Grignon et al. 1996; Li et al. 2000;
Mora et al. 2001), significantly attenuated the hyperphosph-
orylation of MEF2D and MEF2A. Lithium prevented the
caspase-mediated degradation of MEF2D and sustained
MEF2 DNA binding and transcriptional activity under non-
depolarizing conditions. Surprisingly, the inhibitory effect of
lithium on the hyperphosphorylation of MEF2D could be
dissociated from inhibition of GSK-3p activity. These data
suggest that lithium inhibits a distinct kinase that phos-
phorylates MEF2 proteins and blocks their pro-survival
function during neuronal apoptosis.

Experimental procedures

Materials

Monoclonal antibody to MEF2D raised against a peptide corres-
ponding to amino acids 346-511 of mouse MEF2D was purchased
from Transduction Laboratories (Lexington, KY, USA). The
MEF2A antibody is a rabbit polyclonal raised against a peptide
corresponding to amino acids 487-507 of human MEF2A purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). According
to the manufacturer, this antibody may cross-react with MEF2D.
Polyclonal antibody to Tau phosphorylated on Ser404 was also
purchased from Santa Cruz Biotechnology. Polyclonal antibodies to
total GSK-3p and GSK-3p phosphorylated on Ser9 and rabbit
polyclonal antibody to active caspase-3 (for westem blotting) were
from Cell Signaling Technologies (Beverly, MA, USA). Rabbit
polyclonal antibody to active caspase-3 (for immunocytochemistry)
was from Promega Corporation (Madison, WI, USA). DAPI (4,6-
diamidino-2-phenylindole), Hoechst dye 33258, lithium chloride,
and valproic acid (2-propylpentanoic acid, sodium salt) were
purchased from Sigma (St Louis, MO, USA). Wortmannin, H89,
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cyclosporin A, and forskolin were obtained from Calbiochem (San
Diego, CA, USA). Insulin-like growth factor-I (recombinant,
human) was provided by Margarita Quiroga (Chiron Corporation,
Emeryville, CA, USA). The pGL2-MEF2-luc reporter plasmid was
provided by Dr Saadi Khochbin (INSERM, France). Both the
B-galactosidase enzyme assay system and the luciferase assay
system were purchased from Promega. FITC-conjugated anti-rabbit
and Cy3-conjugated anti-mouse secondary antibodies were from
Jackson Immunoresearch Laboratories (Westgrove, PA, USA).
Horseradish peroxidase-conjugated secondary antibodies and rea-

gents for enhanced chemiluminescence were from Amersham -

Pharmacia Biotech (Arlington Heights, IL, USA).

Neuronal cell culture

Rat CGNs were prepared from 7- to 8-day-old Sprague Dawley rat
pups (15-19 g) as described previously (Li et al. 2000). Neurons
were plated at a density of 2.0 x 106 cells/mL in Basal Modified
Eagle’s (BME) medium containing 10% fetal bovine serum, 25 mm
KCl, 2 mMm L-glitamine, and penicillin (100 U/mL)/streptomycin
(100 pg/mL). Cytosine arabinoside (10 pm) was added to the
culture medium 24 h after plating to limit the growth of non-
neuronal cells. Using this protocol, greater than 95% of the cultured
cells were CGNs. In general, transient transfections were performed
on day 5 or 6 in culture and experiments were conducted after
7 days in culture. Apoptosis was induced by removing the serum
and reducing the extracellular potassium from 25 mM to 5 mm.
Control cultures were maintained in medium supplemented with
serum and 25 mm KCl. Alternatively, apoptosis was induced by
addition of the calcineurin protein phosphatase inhibitor, cyclos-
porin A, in serum-free medium containing depolarizing (25 mm)
potassium.

Quantification of apoptosis

Following induction of apoptosis, cells were fixed with 4%
paraformaldehyde and nuclei were stained with Hoechst dye. Cells
were considered apoptotic if their nuclei were condensed and/or
fragmented. In general, approximately 500 cells from two fields of a
35-mm well were counted. Data are presented as a percentage of
cells in a given treatment group that were scored as apoptotic.
Quantification of apoptosis was performed in triplicate.

Immunocytochemistry

Cerebellar cultures were plated on polyethyleneimine-coated glass
cover slips at a density of ~1.0 X 10° cells per cover slip. Seven
days after plating, cells were induced to undergo apoptosis in low
potassium, serum-free conditions in either the absence or presence
of LiCl (20 mm). After treatment, cells were fixed with 4%
paraformaldehyde and then permeabilized and blocked in phos-
phate-buffered saline (PBS, pH 7.4) containing 0.2% Triton-X-100
and 5% BSA. Cells were then incubated ovemight at 4°C with
mouse-anti-MEF2D . (1 : 1000) and rabbit-anti-caspase-3 (active
fragment, 1 : 250) diluted in PBS containing 0.2% Triton-X-100
and 2% BSA. The primary antibodies were aspirated and cells were
washed five times with PBS. Cells were then incubated with the
appropriate Cy3-conjugated and FITC-conjugated secondary anti-
bodies (1 : 500) and DAPI for 1 h at room temperature (22°C). The
cells were then washed five more times with PBS and coverslips
were adhered to glass slides in mounting medium (0.1%

p-phenylenediamine in 75% glycerol in PBS). Fluorescence imaging
was performed on a Zeiss Axioplan 2 microscope equipped with a
Cooke Sensicam deep-cooled CCD camera and images were
analyzed and subjected to digital deconvolution using the Slidebook
software program (Intelhgent Imaging Innovations Inc., Denver,
CO, USA).

Western blot analysis

Following incubation for the indicated times and with the reagents
specified in the text, the culture medium was aspirated, cells were
washed once with 2 mL of ice-cold PBS, placed on ice and scraped
into lysis buffer (200 pL/35-mm well) containing 20 mm HEPES
(pH 7.4), 1% Triton X-100, 50 mm NaCl, 1 mm EGTA, 5 mm
B-glycerophosphate, 30 mM sodium pyrophosphate, 100 pm sodium
orthovanadate, 1 mm phenylmethylsulfonyl fluoride, 10 pg/mL

" leupeptin, and 10 pg/mL aprotinin. Cell debris was removed by

centrifugation at 6000 g for 3 min and the protein concentration of
the supernatant was determined using a commercially available
protein assay kit (Pierce Chemical Co., Rockford, IL, USA).
Aliquots (~150 pg) of supernatant protein were diluted to a final
concentration of 1 X sodium dodecyl sulfate-polyacrylamide gel
electrophoresis sample buffer, boiled for 5 min, and electrophoresed
through 7.5 or 15% polyacrylamide gels. Proteins were transferred
to polyvinylidene difluoride membranes (Millipore Corp., Bedford,
MA, USA) and processed for western blot analysis. Non-specific
binding sites were blocked in PBS (pH 7.4) containing 0.1% Tween
20 (PBS-T) and 1% BSA for 1 h at room temperature. Primary
antibodies were diluted in blocking solution and incubated with the
membranes for 1 h. Excess primary antibody was removed by
washing the membranes three times in PBS-T. The blots were then
incubated with the appropriate horseradish peroxidase-conjugated
secondary antibody diluted in PBS-T for 1 h and were subsequently
washed three times in PBS-T. Immunoreactive proteins were
detected by enhanced chemiluminescence. Autoluminograms shown
are representative of from two to four independent experiments.

Preparation of nuclear extracts and electrophoretic mobility
shift assays (EMSAs)

CGNs were detached from the dish by scraping into buffer and
nuclei were released by Dounce homogenization. Nuclear proteins
were extracted, dialyzed, and the protein content quantified exactly
as described previously (Li ef al. 2001). Nuclear extracts (10 pg)
were incubated with double-stranded 3?P-end labeled oligonucleo-
tides corresponding to the muscle creatine kinase MEF2 site or to a
mutant oligonucleotide, as previously described (Li et al. 2001).
Following incubation, the protein-DNA complexes were analyzed
on 5% non-denaturing polyacrylamide gels containing 3% glycerol
and 0.25 x TBE (90 M Tris borate, 1 mm EDTA). After electro-
phoresis, the gels were dried and exposed to film at —70°C.

Transfection assays and reporter gene expression

CGNs were transiently transfected using a calcium phosphate
coprecipitation method described previously (Li et al. 2000). Cells
were transfected with 1 pg of MEF2-luciferase expression plasmid
(pGL2-MEF2-luc) and 1 pg of pCMV-B-gal as an internal control
for transfection efficiency. The total amount of DNA for each
transfection was kept constant. Following transfection, neurons were
kept in conditioned medium for 2 h. The medium was then changed
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to either high \potassium, serum-containing medium or low
potassium, serum-free medium, each in the absence or presence of
LiCl (20 mm). Altematively, cells were switched to serum-free
depolarizing medium in the absence or presence of cyclosporin A.
After an additional 2-4-h incubation, cell extracts were prepared
using reporter lysis buffer and the activities of luciferase and
B-galactosidase were measured with the respective enzyme assay
system kits (Promega). '

Data analysis . )

Results shown represent the means + SEM for the number (n) of
independent experiments performed. Statistical differences between
the means of unpaired sets of data were evaluated using either a

25K+serum

SK-serum

5K-serum
+LiCl

Fig. 1 Lithium inhibits CGN apoptosis and blocks caspase-3 activation
and degradation of MEF2D. CGNs were incubated for 6 h in either
control (25K + serum) or apoptotic (5K — serum) medium + LiCl
(20 mm). Following incubation, cells were fixed in 4% paraformalde-
hyde, permeabilized with 0.2% Triton-X-100 and blocked in 5% BSA.
CGNs were incubated with primary antibodies to active caspase-3
(rabbit polyclonal) and MEF2D (mouse monocional). Following removal
of excess primary antibodies, CGNs were then incubated with FITC-
conjugated anti-rabbit and Cy3-conjugated anti-mouse secondary
antibodies and DAPI. Fluorescent images were captured using a 63X oif
objective. The images shown are representative of results obtained
from two independent experiments. Scale bar = 10 pm. (a—c) DAPI
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Student’s ¢-test or one-way ANovA followed by a post-hoc Dunnett’s-
test. A p-value of <0.05 was considered statistically significant.

Results

Lithium rescues CGNs from apoptosis and inhibits

the activation of caspase-3

CGNs maintained in the presence of serum and a depolar-
izing concentration of potassium (25 mM) contained nuclei
that were large and intact, as demonstrated by DAPI staining
(Fig. 1a). The acute removal of serum in combination with

staining of CGN nuclei with condensed and fragmented’ nuclei indicated
by the arrows in (b). (d—f) Active caspase-3 was only detectable in
CGNs incubated in apoptotic medium in the absence of LiCl. The most
intense caspase-3 stéining was observed in cells containing fragmented
nuclei (see arrows in e). (g—i) MEF2D immunoreactivity was restricted to
the nuclear compartment in CGNs maintained in either control medium
or in apoptotic medium containing LiCl. In contrast, CGNs showing
fragrriented nuclei displayed MEF2D staining that was substantially
decreased in intensity (compared with cells with intact nuclei) and was
localized to the cytoplasm (see arrows in h). (i-) Merged images
showing the co-localization of active caspase-3 and MEF2D in CGNs
containing fragmented nuclei (indicated by the arrows in k).

© 2003 International Society for Neurochemistry, J. Neurochem. (2003) 85, 1488-1499




1492 D. A. Linseman et al.

lowering of the extracellular potassium concentration to
5 mM (trophic factor withdrawal) for 6 h resulted in signi-
ficant chromatin condensation and fragmentation in CGNs,
consistent with induction of apoptosis (Fig. 1b). Addition of
LiCl (20 mM) to trophic factor-deprived CGN cultures
* essentially abolished the induction of apoptosis (Fig. 1c).
Quantification of the effects of increasing concentrations of
LiCl on the formation of apoptotic nuclei observed at 24 h
after trophic factor withdrawal, demonstrated a dose-depend-
ent protective effect of lithium, with complete protection
observed at a concentration of 20 mm (Fig. 2a). In agreement
with numerous previous findings (D’Mello et al. 1994;
Grignon et al. 1996; Li et al. 2000; Mora et al. 2001), these
data confirm that lithium is effective at rescuing CGNs from
apoptosis.

()
L3

% Apoptosis
> 3 8 8 583 38

.
*
> 0 2 5 10 20
s LiCl (mM) ‘
%, 5K - serum
‘% :
(b)
IB: active
 Gaspase-3
2% 0 _2 5 10 20 PR
% LiCl (mM)
% S5K-serum
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Fig. 2 Dose-dependence of lithium effééts ‘on CGN apoptosis and
"caspase-3 activation. (a) CGNs were incubated for 24 h in either
control (25K + serum) or apoptotic (5K — serum) medium in the
presence of increasing concentrations of LiCl. Following incubation,
cells were fixed in 4% paraformaldehyde and nuclei were stained with
Hoechst dye. Approximately 500 cells from at least two fields of a
culture dish were scored for apoptosis from each condition. CGNs
were considered apoptotic if their nuclei were condensed and/or
fragmented. The data shown represent the means + SEM for three
independent experiments, each performed in triplicate. *Significantly
different from the (5K — serum) condition in the absence of lithium
(p < 0.05). (b) CGNs were incubated as described in (a) for 6 h and
detergent-soluble cell lysates were electrophoresed on 15% poly-
acrylamide gels. Proteins were transferred to PVDF membranes and
immunoblotted (IB) with a polyclonal antibody that specifically recog-
nizes the active (cleaved) form of caspase-3, as described in Experi-
mental procedures. The blot shown is representative of three separate
experiments.

Apoptotic cell death is carried out by the caspase family of
cysteine proteases (Shi 2002). Caspase-3 is an executioner
caspase, activated following cleavage by initiator caspases
(caspase-8 or —9), that has been implicated in the apoptosis
of CGNs (Eldadah ez al. 2000). CGNs maintained in medium
containing serum and depolarizing potassium displayed very
little active caspase-3 detectable by either immunocytochem-
istry (Fig. 1d) or immunoblotting (Fig. 2b, first lane) using
antibodies that specifically recognize the cleaved form of the
caspase. In contrast, trophic factor withdrawal for 6 h
induced a marked activation of caspase-3 as shown immu-
nocytochemically (Fig. le) and by western blotting (Fig. 2b,
second lane). As previously reported (Mora et al. 2001),
inclusion of LiCl during trophic factor withdrawal signifi-

. cantly attenuated the activation of caspase-3 (Fig. 1f) in a

dose-dependent manner (Fig. 2b). Thus, consistent with its
ability to decrease chromatin condensation and fragmenta-
tion, lithium concomitantly suppresses caspase activation in
CGNs deprived of trophic support. '

Lithium attenuates the hyperphosphorylation

and degradation of MEF2D

Next, we examined the effects of LiCl on the hyperphosph- -
orylation of MEF2D and MEF2A that occurs in CGNs
undergoing apoptosis (Li ef al. 2001). As shown in Fig. 3,
immuinoblotting CGN lysates revealed a marked upward shift

~in ‘the electrophoretic mobility of MEF2D following the

removal of trophic factors (Fig. 3a, compare the first and
second lanes). We previously showed that this mobility shift
is indicative of the hyperphosphorylation of MEF2D on
serine/threonine residues, as it can be reversed by incubating
the cell lysates with calf intestinal alkaline phosphatase (Li
et al. 2001). Inclusion of LiCl at concentrations from 2 to
20 mM dose-dependently attenuated the hyperphosphoryla-
tion of MEF2D (Fig. 3a). In addition to the effect on
MEF2D, LiCl (20 mm) also significantly blunted the hyper-
phosphorylation of MEF2A (Fig. 3b).

During neuronal apoptosis, MEF2D is a substrate for
caspase-mediated cleavage (Li ef al. 2001; Okamoto ef al.
2002). Immunocytochemical analysis of CGNs demonstra-
ted that MEF2D was localized exclusively to the nuclear
compartment in cells maintained in the presence of serum
and depolarization (Fig. 1g). Trophic factor withdrawal
resulted in a decrease of MEF2D immunoreactivity in
CGNs displaying active caspases and nuclear fragmenta-
tion (Fig. 1h). The reduction in'the intensity of MEF2D
staining was significantly blocked by lithium (Fig. 1i).
Consistent with a caspase-dependent mechanism for
MEF2D degradation, MEF2D appeared to colocalize with
active caspases in trophic factor-deprived CGNs (Fig. 1k).
Collectively, the above results demonstrate that lithium
effectively inhibits both the -hyperphosphorylation and
caspase-mediated degradation of MEF2D that occur during
CGN apoptosis.
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Fig. 3 Lithium attenuates the hyperphosphorylation of MEF2D and
MEF2A induced following removal of depolarizing potassium and
serum. (a) CGNs were incubated for 4 hin either control (25K +
serum) or apoptotic (5K — serum) medium in the presence of
increasing concentrations of LIiCl. Following incubation, cell lysates
were electrophoresed on 7.5% polyacrylamide gels and immunoblot-
ted (IB) with a monocional antibody that specifically recognizes
MEF2D, as described in Experimental procedures. (b) CGNs were
incubated for 4 h in either control or apoptotic medium =+ LiCl (20 mm).
Cell lysates were subjected to sodium dodecyl sulfate ~ polyacryla-
mide gel electrophoresis (SDS-PAGE) and immunoblotted for either
MEF2D or MEF2A. Note that the polyclonal antibody to MEF2A also
cross-reacts with MEF2D, evident by the apparent doublet. The blots
shown are each illustrative of three independent experiments.

Lithium sustains MEF2 DNA binding and inhibits
formation of truncated NH,-terminal MEF2 fragments
The hyperphosphorylation of MEF2 proteins results in
decreased binding to DNA detectable by electrophoretic
mobility shift assay (EMSA). As we previously reported (Li
et al. 2001), nuclear extracts obtained from CGNs incubated
in the presence of serum and depolarizing potassium
contained a single specific high molecular weight protein—
DNA complex (HMC) recognized by a wild-type MEF2
double-stranded oligonucleotide (Fig. 4, first lane). Removal
of serum and depolarizing potassium-for 4 h induced a
decrease in the HMC, indicative of a relative loss of DNA
binding by full-length MEF2 proteins (Fig. 4, second lane).
Trophic factor withdrawal also promoted the appearance of a
new low molecular weight protein—-DNA complex (LMC)
(Fig. 4, second lane) consisting of truncated MEF2 frag-
ments that contain the NH,-terminal DNA binding domain
but lack the C-terminal transcriptional activation domain. We
and others have previously shown that these NH2-terminal
MEF?2 fragments are generated via caspase-dependent clea-
vage of the full length MEF2 proteins, and have the potential
to act as dominant-interfering transcription factors (Li et al.
2001; Okamoto et al. 2002). Inclusion of LiCl (20 mm) in
apoptotic medium prevented both the decrease in DNA
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Flg. 4 Lithium prevents the loss of MEF2 DNA binding and blocks
formation of truncated NH2-terminal MEF2 fragments in CGNs swit-
ched to medium lacking depolarizing potassium and serum: CGNs
were incubated in either control . (25K + serum) or apoptotic
(5K — serum) medium = LiCl (20 mm) for 4 h. Nuclear extracts were
prepared and gel mobility shift assays were performed using either a
double-stranded *2P-labeled consensus (wild-type, wt) or mutant (mut)
MEF2 oligonucleotide, as described in Experimental procedures.
HMC, high molecular weight protein-DNA complex; LMC, low
molecular weight protein-DNA complex; NS, non-specific protein—-
DNA complex. The HMC represents DNA binding by full length MEF2
proteins. The LMC represents DNA binding by truncated NH2-terminal
MEF2 fragments (see Results). The gel shown is representative of two
independent experiments that produced similar results.

binding of full-length MEF2 proteins (i.e., loss of the HMC)
and formation of the NH,-terminal MEF2 fragments (i.e.,
appearance of the LMC) (Fig. 4, third and fourth lanes).
Neither the HMC nor the LMC was detected using a mutant
MEF2 oligonucleotide (Fig. 4, fifth and sixth lanes). These
results show that lithium sustains MEF2 DNA binding and
concurrently suppresses the formation of caspase-generated,
dominant-negative MEF2 fragments in CGNs deprived of
depolarization and serum. ;

Lithium preserves MEF2-dependent transcriptional
activity in trophic factor-deprived CGNs

We utilized transient transfection of a luciferase reporter
plasmid containing two MEF2 consensus sites followed by
the luciferase reporter gene to measure the transcriptional
activity of MEF2 proteins in CGNs. CGNs maintained in the
presence of serum and depolarizing potassium exhibited high
endogenous MEF2-dependent transcriptional activity. As
shown in Fig. 5, trophic factor withdrawal for 2 h induced
a marked (~60%) reduction in MEF2-driven luciferase
activity. Consistent with the ability of lithium to attenuate the
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Fig. 5 Lithium sustains MEF2-dependent transcriptional activity in
CGNs incubated in apo[)to!ic medium. CGNs were transiently
co-transfected with a MEF2-responsive luciferase i'eporter plasmid
(pGL2—MEF2-Luc) and pCMV-ﬂ-gal Two hours post-transfection,
CGNs were incubated for a further 2 h in either control (25K + serum)
or apoptotic (5K — serum) medlum + LiCl (20 mwm). Following incuba-
tion, luciferase and ﬁ-gaiadpsidase activities were assayed as des-
cribed in Ei(penmental procedures. Luciferase activity was normalized
for transfectlon efficiency by dividing by the p-galactosidase activity.
The normalized MEF2-Luc teporter activity obtained for CGNs incu-
bated in control medium in the absence of lithium was set at 100% and
all other values were calculated relative to the control. The data rep-
resent the means + SEM. for three separate experiments, each per-
formed in duplicate. *Significantly different from the (25K + serum)
condition in the absence of fithium (p < 0.05).

hyperphosphorylation and degradation of MEF2 proteins and
to sustain MEF2 DNA binding, addition of LiCl (20 mm)
prevented the loss of MEF2-dependent transcriptional activ-
ity in CGNs incubated {n apoptotic medium. Thus, lithium
sustains activity of the pro-survival MEF2 transcription
factors in trophic factor-deprived CGNs.

The ability of lithium to block the hyperphosphorylation
of MEF2D is not mimicked by distinct inhibitors

of GSK-3p

One’ of the principal anti-apoptotic actions of lithium is
inhibition of the serine/threonine kinase GSK-3f (Klein and
Melton 1996; Stambolic ef al. 1996), a protein that we
previously implicated in the apoptosis of CGNs (Li et al.
2000). GSK-3p also plays a role in the apoptosis of primary
cortical and sympathetic neurons (Crowder and Freeman
2000; Hetman et al. 2000). Moreover, in neuroblastoma cells
GSK-3f8 translocates to the nucleus during apoptosis,
consistent with a role for this kinase in the phosphorylation
of nuclear substrates (Bijur and Jope 2001). To determine if
the inhibitory effects of lithium on the hyperphosphorylation
of MEF2D were mediated by its ability to blunt GSK-38
activity, we investigated the effects of three mechanistically
distinct inhibitors of GSK-3f on MEF2D phosphorylation.
We recently showed that activation of protein kinase A
(PKA) is neuroprotective in CGNs through phosphorylation
of an inhibitory serine residue (Ser9) on GSK-3p (Li et al.
2000). In agreement with this finding, forskolin, a direct
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Fig. 6 Distinct inhibitors of GSK-38 do not mimic the inhibitory effects
of lithium on MEF2D hyperphosphorylation. (a) CGNs were incubated
for 4 h in either control (25K + serum) or apoptotic (5K — serum)
medium alone or containing either forskolin (Forsk, 10 pm) + H89
(10 pm) or insulin-like growth factor-1 (IGF-1, 200 ng/mL) + wortmannin
(Wort, 100 nm). Following incubation, cell lysates from each treatment
condition containing equal amounts of protein were subjected to SDS—
PAGE on 10% polyacrylamide gels. Proteins were transferred to
PVDF membranes and immunoblotted (IB) with a polyclonal antibody
that specifically recognizes (inactive) GSK-38 phosphorylated on Ser9
(p-GSK-3p). (b) CGNs were incubated for 4 h in either control or
apoptotic medium alone or containing either LiCl (20 mm), IGF-I
(200 ng/mL), or Forsk (10 um). Cell lysates were then western blotted
for MEF2D, as described in Experimental procedures. (c) Cells were
incubated for 4 h in either control or apoptotic medium alone or con-
taining either LiCl (20 mwm) or sodium valproate (VPA, 20 mm). Protein
extracts were then immunoblotted for the GSK-3B substrate Tau
phosphorylated on Ser404 (p-Tau, upper panel) and MEF2D (lower
panel). The blots shown are each representative of results obtained in
three separate experiments.

activator of adenylyl cyclase, prevented the dephosphoryla-
tion (activation) of GSK-3p that occurs following trophic
factor withdrawal in CGNs (Fig. 6a, first through third
lanes). The phosphorylation of GSK-38 on Ser9 induced by
forskolin was prevented by the PKA inhibitor H89 (Fig. 6a,
fourth lane). Serine 9 on GSK-3B is also a consensus
phosphorylation site for the antiapoptotic kinase AKT that is
activated downstream of growth factor signaling in a
phosphatidylinositol 3-kinase (PI3K)-dependent manner
(van Weeren et al. 1998). Consistent with this, addition of
insulin-like growth factor-I (IGF-I), a known survival factor
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for CGNs (D’Mello et al. 1993; Linseman et al. 2002),
induced phosphorylation (inactivation) of GSK-3p, an effect
that was blocked by the PI3K inhibitor wortmannin (Fig. 6a,
fifth and sixth lanes). Although both forskolin and IGF-I
significantly induced phosphorylation of GSK-3B on Ser9,
indicative of its inactivation, neither had any discernible
effect on the hyperphosphorylation of MEF2D following
trophic factor withdrawal from CGNs (Fig. 6b). Finally,
incubation of CGNs with either lithium or sodium valproate
(VPA, 20 mmM), another recognized inhibitor of GSK-3B
(Chen et al. 1999) that protects CGNs from apoptosis (Mora
et al. 1999; Li et al. 2000), completely blocked phosphory-
lation of the GSK-3B substrate Tau (Utton ef al. 1997)
induced following trophic factor withdrawal (Fig. 6c, upper
blot). However, VPA had no significant effect on the
hyperphosphorylation of MEF2D observed under these
conditions (Fig. 6¢, lower blot). These results indicate that
the inhibitory effects of lithium on MEF2D hyperphospho-
rylation can be dissociated from its ability to inhibit the pro-
apoptotic kinase GSK-3B, suggesting the presence of an
additional kinase target for lithium in CGNs.

Lithium blocks MEF2D hyperphosphorylation

and apoptosis induced by calcineurin inhibition —

a GSK-3p-independent model of CGN death

As trophic factor withdrawal results in both the activation of

GSK-3pB (Li et al. 2000) and the hyperphosphorylation of .

MEF2 proteins (Li ef al. 2001) in CGNs, the relative
contribution of lithium’s effects on each of these signaling
pathways to its pro-survival action is unclear. To strengthen
the conclusion that inhibition of MEF2D hyperphosphoryla-
tion significantly contributes to lithium’s neuroprotective
action, we examined a different paradigm of CGN apoptosis.
Previous work has shown that MEF2 DNA binding and
transcriptional activity depend on depolarization-mediated
activation of the calcium-regulated protein phosphatase
calcineurin (Mao and Wiedmann 1999). In agreement with
these findings, we observed that incubation of CGNs in
depolarizing (25 mM KCl) medium containing the calcineu-
rin inhibitor, cyclosporin A (CyA), resulted in the hyper-
phosphorylation of MEF2D (Fig. 7a, compare first and
fourth lanes), loss of MEF2 transcriptional activity (Fig. 7b),
and significant apoptosis (Fig. 7d, open bars). In contrast to
trophic factor withdrawal (see Fig. 6a, first and second
lanes), incubation with CyA under depolarizing conditions
failed to activate GSK-3p (measured by dephosphorylation
of the inhibitory residue Ser9, Fig. 7e, compare first and
second lanes). This latter result was expected as GSK-3p has
previously been shown to be regulated by a distinct protein
phosphatase, PP2A (Mora et al. 2002). Thus, calcineurin
inhibition in the presence of depolarizing potassium is a
MEF2 phosphorylation-dependent, but GSK-3p-independ-
ent, model of CGN apoptosis. Lithium significantly blocked
the hyperphosphorylation of MEF2D (Fig. 7a, compare
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Sourth and fifth lanes), loss of MEF2 transcriptional activity
(Fig. 7¢), and apoptosis (Fig. 7d) induced by addition of
CyA, strongly suggesting that inhibition of MEF2 hyper-
phosphorylation is a novel pro-survival action of lithium in
CGNs.

Discussion

The effectiveness of lithium as a therapy for bipolar disorder
is well documented (Muller-Oerlinghausen et al. 2002).
However, the ability of lithium to act as a neuroprotective
agent has only recently gained attention. Previous studies
have demonstrated that lithium inhibits neuronal apoptosis
in vitro induced by trophic factor withdrawal (D’Mello et al.
1994; Grignon et al. 1996; Li et al. 2000; Mora et al. 2001),
excitotoxicity (Nonaka et al. 1998a; Chen and Chuang
1999), neurotoxin exposure (Nonaka et al. 1998b; Maggir-
war et al. 1999), beta-amyloid (Alvarez ef al. 1999), and
ceramide (Centeno et al. 1998). Moreover, lithium inhibits
hippocampal neuronal death induced by in vivo exposure to
the neurotoxin aluminum (Ghribi ef al. 2002). Lithium has
also been shown to enhance the survival of chick ciliary
ganglion neurons during embryonic development (Tkonomov
et al. 2000). The above results demonstrate that lithium
provides neuroprotection both in vitro and in vivo.
Although lithium is a known inhibitor of the pro-apoptotic
serine/threonine kinase, GSK-3p (Klein and Melton 1996;
Stambolic et al. 1996), relatively few studies have concluded
that lithinm provides neuroprotection via this mechanism
(Maggirwar et al. 1999; Bijur et al. 2000; Li ez al. 2000).
Several alternative mechanisms have also been proposed. For
example, lithium has recently been shown to inhibit a serine/
threonine phosphatase that dephosphorylates (inactivates) the
pro-survival kinase AKT (Mora ez al. 2001, 2002). It is
noteworthy however, that a principal target of AKT is GSK-
3B (van Weeren et al. 1998), and therefore, the net result of
this effect of lithium may inevitably involve inhibition of
GSK-3p activity. In addition, lithium has been shown to
up-regulate the expression of the anti-apoptotic Bcl-2 protein
(Chen and Chuang 1999; Manji et al. 2000) and to decrease
expression of the pro-apoptotic proteins, p53 and Bax (Chen
and Chaung 1999). These latter effects are only observed
after chronic (several days) treatment with lithium. In the
current study, we investigated the neuroprotective mechan-
ism of lithium in primary cultures of rat CGNs. Specifically,
we analyzed the effects of lithium on the apoptotic process-
ing of MEF2 proteins, transcription factors that are critical
for CGN survival (Mao et al. 1999). In agreement with
previous results showing that CGNs matured in vitro are
protected from apoptosis by lithium (D’Mello et al. 1994;
Grignon et al. 1996; Li et al. 2000; Mora et al. 2001), we
found that acute addition of lithium effectively inhibits CGN
apoptosis and caspase activation induced by removal of
depolarizing potassium and serum. Moreover, our data reveal
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Fig. 7 Incubation with the calcineurin phosphatase inhibitor,
cyclosporin A (CyA), under depolarizing conditions induces lithium-
sensitive MEF2D hyperphosphorylation, loss of MEF2 transcriptional
activity and apoptosis in the absence of GSK-38 activation. (a) CGNs
were incubated for 4 h in serum-free medium containing either 25 mm
KCl (25K), 5 mm KCI (5K), or 25 mm KCI + 10 um CyA (25K + CyA) in
the absence or presence of LiCl (20 mm). Following incubation, cell
lysates were immunoblotted (IB) for MEF2D, as described in Experi-
mental procedures. (b) CGNs were transiently co-transfected with a
MEF2-responsive luciferase reporter plasmid (pGL2-MEF2-Luc) and
pCMV-B-gal. Following transfection, cells were incubated for 4 h as
described in (a) and luciferase and p-galactosidase activities were
assayed and normalized as described in Experimental procedures.
*Significantly different from the 25K control (p < 0.05). (c) Cells were
transfected as described in (b) and were subsequently incubated in

a novel mechanism for the pro-survival effects of lithium in
CGNs that involves preservation of MEF2 transcriptional
activity.

We show that lithium inhibits the hyperphosphorylation of
MEF2D and MEF2A induced by trophic factor withdrawal in
CGNs. Consistent with previous observations that hyper-
phosphorylation of MEF2 proteins leads to a decrease in their
DNA binding (Mao and Wiedmann 1999; Li ef al. 2001), we
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either 25K or 25K + CyA in the absence or presence of LIiCl (20 mwm).
Luciferase and B-galactosidase activities were aSsayed and the
results shown represent the mean values of triplicate samples from a
single experiment. (d) CGNs were incubated for 24 h in either 25K
medium alone or containing CyA (10 pm). Cells were stained with
Hoechst dye and apoptosis was quantified as described in Experi-
mental procedures. *Significantly different from 25K + CyA in the
absence of lithium (p < 0.05). (¢) CGNs were incubated for 4 h in the
absence or presence of CyA. Cell lysates were probed for GSK-38
phosphorylated on Ser9 (upper panel) and total GSK-3p (lower panel).
When the phospho-specific GSK-3p signal was normalized for the
total GSK-3B, no significant change in phosphorylation state was
observed with the addition of CyA. IGF-t and the PI3K inhibitor,
LY294002 (LY), are included as positive and negative controls for
GSK-3B phosphorylation on Ser9, respectively.

also show that lithium sustains MEF2 DNA. binding and
MEF2 transcriptional activity in trophic factor-deprived
CGNs. In addition, lithium blocks the caspase-dependent
formation of NH,-terminal MEF2 fragments that have the
potential to act as dominant-interfering transcription factors
(Li et al. 2001; Okamoto et al. 2002). The relative contri-
bution of MEF2 hyperphosphorylation versus MEF2 degra-
dation to the induction of CGN apoptosis is presently
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unclear. The ability of lithium to block the hyperphospho-
rylation of MEF2 proteins suggests that it acts very early in
the apoptotic cascade as hyperphosphorylation of MEF2
precedes loss of DNA binding or transcriptional activity and
caspase-mediated degradation of MEF2 proteins (Li ef al.
2001). The latter likely leads to a-more prolonged inhibition
of MEF?2 activity as the fragments formed have the potential
to compete with newly synthesized full-length MEF2
proteins for DNA binding. However, it appears that hyper-
phosphorylation of MEF2 proteins ‘may be the initiating
event that ultimately -leads to loss of MEF2 activity and
apoptosis. This is the first report to demonstrate that lithium
preserves the activity of MEF2 transcription factors in
neurons subjected to an apoptotic stimulus. The fact that a
constitutively active MEF2 mutant has previously been
shown to protect CGNs from apoptosis (Mao et al. 1999)
supports our conclusion that the effects of lithium on MEF2
proteins described above play an important role in the
neuroprotective mechanism of this cation.

A likely target for the action of lithium in CGNs is the
kinase that phosphorylates MEF2D and MEF2A during
apoptosis. We initially examined the effects of lithium on
phosphorylation of MEF2 proteins in CGNs because lithium
is an established inhibitor of GSK-3f (Klein and Melton
1996; Stambolic et al. 1996), a serine/threonine kinase that is
involved in the apoptosis of CGNs (Li et al. 2000). However,
many of the results obtained in the present study argue
against a role for GSK-3p in phosphorylating MEF2 proteins
during CGN apoptosis. Firstly, forskolin and IGF-I, agents
that promote the phosphorylation of GSK-3 on the inhib-
itory Ser9 via either PKA or AKT kinase activation,
respectively (van Weeren ef al. 1998; Li et al. 2000), had
no significant effect on the hyperphosphorylation of MEF2D.
Secondly, another compound known to inhibit GSK-3, VPA
(Chen et al. 1999), significantly blocked phosphorylation of
the GSK-3p substrate Tau, but had no discernible effect on
the hyperphosphorylation of MEF2D. Thirdly, MEF2D
hyperphosphorylation was induced in depolarizing medium
by addition of the calcineurin phosphatase inhibitor, CyA,
conditions under which GSK-3f activity was not further
stimulated. These results suggest that the kinase that
phosphorylates MEF2D and inhibits DNA binding of
MEF2 proteins during apoptosis of CGNs is a novel lithium
target that is distinct from GSK-3f. This findinig is in contrast
to the ability of lithium to stimulate DNA binding of the
transcription factor cAMP response element binding protein
(CREB), an effect that is mediated via inhibition of GSK-3
(Grimes and Jope 2001). Collectively, these observations
indicate that the potential for lithium to inhibit multiple pro-
apoptotic signals, including GSK-3f and the kinase that
phosphorylates MEF2 proteins, likely contributes to its
effectiveness as a neuroprotective agent. In particular, the
finding that lithium inhibits MEF2D hyperphosphorylation
and apoptosis induced by calcineurin inhibition, a GSK-3§-
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independent model of CGN death, strongly supports the
conclusion that inhibition of a MEF2 kinase is a nove! anti-
apoptotic action of lithium in neurons. '

' Finally, although lithium is commonly regarded as a

highly selective inhibitor of GSK-3p (Klein and Melton
1996; Stambolic et al. 1996; Woodgett 2001), it is clear that
it inhibits the function of other enzymes as well. For
example, lithium is an established inhibitor of the inositol
monophosphatase (Phiel and Klein 2001), and this effect
may be involved in its efficacy in bipolar disorder (Atack
et al. 1995). Recently, lithium has been suggested to inhibit
activation of the protein serine/threonine phosphatase, PP2A,
which is involved in the regulation of AKT activity (Mora
et al. 2002). In regards to other potential kinases that may be
inhibited by lithium, a recent screen against a relatively large
panel of possible kinase targets showed that lithium (10 mm)
inhibited GSK-3B most potently, but also decreased the
activities of three other serine/threonine kinases tested,
including casein kinase-2 (CK-2), mitogen-activated protein
kinase-activated protein kinase-2 (MAPKAPK-2), and p38-
regulated/activated protein kinase (PRAK) (Davies et al.
2000). Interestingly, CK-2 has previously been shown to
phosphorylate MEF2C; however, this phosphorylation
enhanced MEF2C binding to DNA (Molkentin ef al.
1996). The potential of either MAPKAPK-2- or PRAK to
phosphorylate the MEF2 proteins has not yet been examined.

"Thus, identification of the lithium-sensitive kinase that
" phosphorylates MEF2D and MEF2A in CGNs during

apoptosis will require further investigation.

In conclusion, we have demonstrated that lithium inhibits
the hyperphosphorylation and caspase-dependent degrada-
tion of MEF2 transcription factors and maintains their DNA
binding and activity in CGNs deprived of depolarizing
potassium and serum. These effects of lithium are mediated
via the inhibition of a serine/threonine kinase, distinct from -
GSK-3B, that phosphorylates MEF2 proteins and inhibits
their pro-survival function. These data identify the regulation
of MEF2 transcriptional activity as a novel mechanism
underlying the neuroprotective effects of lithium.
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Cerebellar granule neuron (CGN) survival depends on activity of the myocyte enhancer
factor-2 (MEF2) transcription factors. Neuronal MEF2 activity is regulated by depolarization
via a mechanism that is presently unclear. Here, we show that depolarization-mediated MEF2
activity and CGN survival are compromised by overexpression of the MEF2 repressor histone
deacetylase-5 (HDACS). Furthermore, removal of depolarization induced rapid cytoplasm-to-
nuclear translocation of endogenous HDACS. This effect was mimicked by addition of the
calcium/calmodulin-dependent kinase (CaMK) inhibitor KN93 to depolarizing medium.
Removal of depolarization or KN93 addition resulted in dephosphorylation of HDACS and its
co-precipitation with MEF2D. HDACS nuclear translocation triggered by KN93 induced a
marked loss of MEF2 activity and subsequent apoptosis. To selectively decrease CaMKII,
CGNs were incubated with an antisense oligonucleotide to CaMKIIo.. This antisense decreased
CaMKIla expression and induced nuclear shuttling of HDACS5 in CGNs maintained in
depolarizing medium. Selectivity of the CaMKIIo antisense was demonstrated by its lack of
effect on CaMKIV-mediated CREB phosphorylation. Finally, antisense to CaMKlla induced
caspase-3 activation and apoptosis, whereas a missense control oligonucleotide had no effect on
CGN survival. These results indicate that depolarization-mediated calcium influx acts through
CaMKII to inhibit HDACS, thereby sustaining high MEF2 activity in CGNs maintained under

depolarizing conditions.




INTRODUCTION

Myocyte enhancer factor-2 (MEF2) transcription factors were originally identified in cells of
skeletal, cardiac and smooth muscle lineages (1-4). In muscle, activity of MEF2 proteins ié
modulated by calcium-regulated signals that ultimately drive myogenic differentiation (5, 6).
MEF?2 proteins also play a critical role in the differentiation and survival of neurons in the
developing central nervous system [CNS] (2, 7-11). In particular, MEF2 function is essential for
activity-dependent neuronal survival mediated through the formation of proper synaptic contacts
during CNS development (12).

In early postnatal cerebellum, transcripts for two mammalian MEF2 isoforms, MEF2A and
MEF2D, are markedly increased in parallel with enhanced expression of the GABA 4 receptor o6
subunit, a marker for differentiation of mature cerebellar granule neurons [CGNs] (9). Similarly,
primary cultures of CGNs, that require medium containing depolarizing extracellular potassium
for their survival (13), demonstrate high levels of endogenous MEF2A and MEF2D proteins and
MEF2 transcriptional activity. We have previously reported that MEF2A and MEF2D are
phosphorylated and subsequently cleaved by caspases in CGN's that are deprived of depolarizing
potassium (14). The resulting loss of MEF2 transcriptional activity contributes to CGN
apoptosis under these conditions. Likewise, Gaudilliere et al. (15) recently showed that
downregulation of MEF2A using RNA interference significantly compromises depolarization-
mediated survival of CGNs. Thus, MEF2 proteins transduce activity-dependent calcium signals
into an essential pro-survival pathway in CGNs.

The precise mechanism(s) by which calcium influx regulates MEF2 activity in CGNs is

presently unclear. Previous work in muscle indicates that activity of the calcium/calmodulin-




dependent, serine/threonine phosphatase, calcineurin, is required for MEF2 function (16).
Similarly, calcineurin positively regulates MEF2 DNA binding and transcriptional activity in
CGNs (17). In muscle, calcineurin modulation of MEF2 activity is integrated with regulation by
a pathway involving calcium/calmodulin-dependent protein kinase (CaMK) activity (5). Muscle
MEF?2 activity is repressed by interaction with class II histone deacetylases [HDACs] (18-20).
Overexpression of constitutively-active CaMK isoforms I and IV in muscle and non-muscle cells
(eg., COS or NIH3T3 fibroblasts) promotes serine phosphorylation of HDACs. Phosphorylation
of HDAC:s induces their nuclear export and promotes their association with cytosolic scaffolding
proteins of the 14-3-3 family, ultimately resulting in derepression of MEF2 activity (21).
Although these overexpression studies suggest a role for CaMK regulation of HDAC function in
muscle, the endogenous CaMK isoform involved has yet to be identified. Moreover, a role for
endogenous CaMK activity in modulating MEF2 function in neurons has not yet been
investigated.

Here, we show that depolarization-mediated MEF2 activity and CGN survival are
compromised by overexpression of the class II HDAC, HDACS. Moreover, removal of
depolarizing potassium or addition of a CaMK inhibitor induces nuclear translocation of
endogenous HDACS, loss of MEF2 activity, and CGN apoptosis. Finally, antisense-mediated
downregulation of CaMKIIo expression is sufficient to drive nuclear translocation of HDACS5
and induce CGN apoptosis under depolarizing conditions. These results demonstrate that
CaMK-mediated inhibition of HDAC function plays a significant role in the calcium regulation
of MEF2 activity and survival in CGNs. In addition, these data are the first to identify an

endogenous CaMK isoform (CaMKII) that regulates HDAC function.




EXPERIMENTAL PROCEDURES

Materials-A truncated mutant of MEF2A lacking the C-terminal transcriptional activation
domain, pcDNA3.1-MEF2A131, was kindly provided by Dr. Ron Prywes (Columbia University,
NY). Empty pcDNA3.1 vector was obtained from Invitrogen (Grand Island, NY). Adenoviral
green fluorescent protein (Ad-GFP) was a gift from Dr. Jerry Schaack (University of Colorado
Health Sciences Center, Denver, CO). The pGL2-MEF2-luciferase reporter plasmid and HA-
tagged HDACS and HDAC4 were provided by Dr. Saadi Khochbin (INSERM, France). Hoecsht
dye number 33258, 4’,6-diamidino-2-phenylindole (DAPI), monoclonal antibody to the Flag
epitope, and monoclonal antibody to beta-tubulin were from Sigma (St. Louis, MO).
Monoclonal antibody to the HA épitope and rabbit polyclonal antibodies to phospho-CREB
(Ser133), HDAC4, and HDACS for immunocytochemistry were obtained from Cell Signaling
Technologies (Beverly, MA). Rabbit polyclonal antibody to active (cleaved) caspase-3 was from
Promega (Madison, WI). Monoclonal antibody to MEF2D for immunocytochemistry and
western blotting was purchased from Transduction Laboratories (Lexington, KY). Monoclonal
antibody to CaMKIIo. for immunocytochemistry was from Chemicon (Temecula, CA).
According to the manufacturer, this antibody may show some cross-reactivity with CaMKII3 or
¥y subunits. FITC- and Cy3-conjugated secondary antibodies for immunofluorescence were from
Jackson Immunoresearch Laboratories (West Grove, PA). Rabbit polyclonal antibody to MEF2
for immunoprecipitation, rabbit polyclonal antibody to HDACS5 for western blotting, and protein
A/G-agarose were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Horseradish
peroxidase-linked secondary antibodies and reagents for enhanced chemiluminescence detection

were purchased from Amersham Biosciences (Piscataway, NJ). KN93, KN62, phosphorothioate
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(unlabeled and FITC-labeled), and an unlabeled, scrambled, missense control oligonucleotide
were from Calbiochem (La Jolla, CA). According to the manufacturer, this antisense construct is
highly specific for the o subunit of CaMKII and does not affect CaMKIIP expression.

Cell Culture-Rat CGNs were isolated from 7-day-old Sprague-Dawley rat pups (15-19g) as
described previously (22). Briefly, neurons were plated on 35-mm diameter plastic dishes coated
with poly-L-lysine at a density of 2.0x10° cells/ml in basal modified Eagle’s medium containing
10% fetal bovine serum, 25 mM KCl, 2 mM L-glutamine, and penicillin (100 units/ml)/
streptomycin (100 pg/ml) (Life Technologies, Grand Island, NY). Cytosine arabinoside (10 pM)
was added to the culture medium 24 h after plating to limit the growth of non-neuronal cells.
Using this protocol, the cultures were approximately 95% pure for granule neurons. In general,
experiments were performed after 7 days in culture.

Preparation of Adenoviral Dominant-negative MEF2 and Adenoviral Infection-pcDNA3.1-
MEF2A131 was tagged on the C-terminus with the Flag epitope by polymerase chain reaction.
The resulting Flag-tagged construct was cloned into shuttle vector and Ad-Flag-MEF2A131 was
prepared using the Ad-Easy adenovirus expression kit according to the manufacturer’s
instructions (Quantum Biotechnologies Inc., Canada). Recombinant adenoviruses were purified
by cesium chloride gradient ultracentrifugation. The viral titer was determined by measuring the
absorbance at 260 nm (where 1.0 absorbance units=1x10'? particles/ml) and infectious particles
were verified by plaque assay. Ad-GFP or Ad-Flag-MEF2A131 were added to CGN cultures on
day 4 at a multiplicity of infection (m.o.i.) of 100. On day 7 (72 h post-infection), CGN
apoptosis was assessed in GFP-positive or Flag-immunoreactive cells by DAPI staining.

Quantification of Apoptosis-Apoptosis was assessed by fixing CGNs in 4% paraformaldehyde

and staining nuclei with either Hoechst dye (non-permeabilized cells) or DAPI (permeabilized




cells for immunocytochemistry). Cells were considered apoptotic if their nuclei were either
condensed or fragmented. In general, approximately 500 cells from at least two fields of a 35-
mm well were counted. For immunocytochemical studies where cells were plated on glass
coverslips, approximately 100-200 cells from two-three coverslips per treatment group were
counted. Data are presented as the percentage of cells in a given treatment group which were
scored as apoptotic. Experiments were performed on cells isolated from at least three
independent preparations.

Immunocytochemistry-CGNs were cultured on polyethyleneimine-coated glass cover slips at a
density of approximately 2.5x10° cells per coverslip. Following incubation as described in
Results, cells were fixed in 4% paraformaldehyde and were then permeabilized and blocked in
PBS (pH 7.4) containing 0.2% Triton X-100 and 5% BSA. Cells were then incubated for
approximately 16 h at 4°C with primary antibody diluted in PBS containing 0.2% Triton X-100
and 2% BSA. The primary antibody was aspirated and the cells were washed five times with
PBS. The cells were then incubated with either Cy3-conjugated or FITC-conjugated secondary
antibodies and DAPI for 1 h at room temperature. CGNs were then washed five more times with
PBS and coverslips were adhered to glass slides in mounting medium (0.1% p-phenylenediamine
in 75% glycerol in PBS). Fluorescent images were captured using a 63X oil immersion objective
on a Zeiss Axioplan 2 microscope equipped with a Cooke Sensicam deep-cooled CCD camera
and a Slidebook software analysis program for digital deconvolution (Intelligent Imaging
Innovations Inc., Denver, CO).

Preparation of CGN Cell Extracts-After incubation for the indicated times and with the
reagents specified in Results, the culture medium was aspirated; the cells were washed once with

2 ml of ice-cold PBS, pH 7.4, placed on ice, and scraped into lysis buffer (200%1/35-mm well)




containing 20 mM HEPES (pH 7.4), 1% Triton X-100, 50 mM NaCl, 1 mM EGTA, 5 mM B-
glycerophosphate, 30 mM sodium pyrophosphate, 100 uM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride, 10 fig/ml leupeptin, and 10 pg/ml aprotinin. Cell debris was
removed by centrifugation at 6,000 x g for 3 min and the protein concentration of the supernatant
was determined using a commercially available protein assay kit (Pierce, Rockford, IL).
Aliquots (~150 pg) of supernatant protein were diluted to a final concentration of 1X SDS-
PAGE sample buffer, boiled for 5 min, and electrophoresed through 7.5% polyacrylamide gels.
Proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford,
MA) and processed for immunoblot analysis.

Western Blot Analysis-Nonspecific binding sites were blocked in PBS (pH 7.4) containing
0.1% Tween 20 (PBS-T) and 1% BSA for 1 h at room temperature. Primary antibodies were
diluted in blocking solution and incubated with the membranes for 1 h. Excess primary antibody
was removed by washing the membranes three times in PBS-T. The blots were then incubated
with the appropriate horseradish peroxidase-conjugated secondary antibody diluted in PBS-T for
1 h and were subsequently washed three times in PBS-T. Immunoreactive proteins were
detected by enhanced chemiluminescence. Autoluminograms shown are representative of at
least three independent experiments.

Immunoprecipitation of MEF2D-CGN lysates were prepared as described above, except in
lysis buffer containing 0.1% Triton X-100. Four ug of polyclonal antibody against MEF2D was
added to 500 ul of lysate (approximately 1 pg/ 1 CGN protein concentration), and samples were
mixed for 16 h at 4£°C by continuous inversion. Agarose-conjugated protein A/G (40 pl) was
added and samples were mixed for a further 4 h. Immune complexes were pelleted, washed

three times with lysis buffer containing 0.1% Triton X-100, and boiled in 1X SDS-PAGE sample




buffer. Immune complexes were resolved on 7.5% polyacrylamide gels, transferred to PVDF,
and immunoblotted for MEF2D and HDACS.

CGN Transfection and Reporter Gene Expression-CGNs were transiently transfected using a
calcium phosphate co-precipitation method described previously (14). Cells were co-transfected
with 1 pg of MEF2-luciferase expression plasmid (pGL2-MEF2-luc), 1 ug of pCMV-B-gal as an
internal control for transfection efficiency, and 2 pg of either pcDNA3.1, MEF2A131, or HA-
tagged HDACS. The total amount of DNA for each transfection was kept constant. Following
transfection, neurons were placed in conditioned medium and the medium was subsequently
changed to serum-free containing either 25 mM KCl1 or 5 mM KCIl. After incubation, cell
extracts were prepared using reporter lysis buffer and the activities of luciferase and [-
galactosidase were measured with the respective enzyme assay system kits (Promega).

Incubation with Antisense Oligonucleotides to CaMKII o-Phosphorothioate, FITC-labeled or
unlabeled, antisense oligonucleotides to CaMKIlo, or a scrambled missense control
oligonucleotide, were added directly to the culture medium (each at a final concentration of 1
UM), as was previously described for primary hippocampal neuronal cultures 23). Following
incubation for 8 to 24 h, cells were processed for immunocytochemical analysis and/or
quantification of apoptosis, as described in the Results.

Data Analysis-The results shown represent the means + SEM for the number (#) of
independent experiments that were performed. Statistical differences between the means of
unpaired sets of data were evaluated by one-way ANOVA, followed by a post hoc Dunnett’s

test. A p value of <0.01 was considered statistically significant.




RESULTS

Adenoviral Expression of a Dominant-negative MEF2 Mutant Blocks Depolarization-
mediated Survival of CGNs-In CGNs co-transfected with a MEF2-luciferase reporter (24) and
empty pcDNA3.1 vector, removal of the depolarization stimulus resulted in a dramatic loss of
MEF2 activity (14+2% of control, p<0.01, Fig. 14). This effect was mimicked under
depolarizing conditions by co-transfection with a truncated, dominant-negative form of MEF2
(MEF2A131) that lacks the transcriptional activation domain. Expression of MEF2A131
decreased endogenous MEF2 activity in the presence of depolarization to 39+6% (<0.01) of
that observed in cells transfected with empty vector (Fig. 14). Thus, dominant-negative MEF2
competes with endogenous MEF2 transcription factors for DNA binding, resulting in a loss of
endogenous MEF2 activity.

Previous studies showing that MEFZ transcription factors are critical for CGN survival
utilized either transient transfection protocols of MEF2 mutants (12, 14) or, more recently, RNA
interference methodology to knock down expression of MEF2 proteins (15). One limitation of
each of these approaches is that only a small percentage (usually <5%) of the CGNs are
transfected. As a means of interfering with MEF2 activity in a larger, and possibly more
representative, percentage of the CGN culture, we prepared a Flag epitope-tagged MEF2A 131
and expressed this construct in adenovirus. CGNs maintained in depolarizing medium were then
infected with either adenovirus expressiﬁg green fluorescent protein (Ad-GFP, to serve as a
control for adenoviral infection) or expressing the Flag-tagged dominant-negative MEF2 (Ad-
Flag-MEF2A131). Each adenovirus was infected into the cells at a m.o.i. of 100 (equivalent to

10,000 infectious particles per cell). At this titer, the relative infection efficiency observed over
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three independent experiments was approximately 35% for Ad-Flag-MEF2A131. Following
infection, cells were incubated for 72 h and MEF2A131-expressing cells were identified by
immunocytochemistry with a monoclonal anti—Flag and a Cy3-conjugated secondary antibody.
GFP-positive cells were detected by fluorescence under a FITC filter. Apoptosis was quantified
by staining nuclei with DAPI and counting the percentage of GFP-positive or Flag-MEF2A131-
positive cells containing condensed and/or fragmented chromatin. As shown in Fig. 1B,
infection with Ad-GFP did not result in significant CGN apoptosis (2+1%), whereas cells
expressing the Flag-MEF2A131 demonstrated massive apoptosis (89+7%), even in the presence
of depolarization. In agreement with previous work (12, 14, 15), our results using an adenoviral
dominaﬁt—negative MEF2 mutant demonstrate that MEF2 transcriptional activity is a critical
component of depolarization-mediated survival signaling in CGNS.

Overexpression of the MEF2 Repressor HDACS Induces CGN Apoptosis in Depolarizing
Medium-The activity of MEF2 transcription factors is repressed in skeletal, cardiac, and smooth
muscle by members of the class II family of HDACs including HDAC4, 5, 7 and 9 (reviewed in
6). Consistent with a potential role for HDAC regulation of MEF2 activity in CGNi,
overexpression of HA-tagged HDACS significantly decreased MEF2-driven luciferase activity
(56+6% of the empty vector control, p<0.01) in cells cultured in the presence of depolarizing
potassium (Fig. 24). As a result of the loss in endogenous MEF2 activity, overexpression of
HDACS induced significant CGN apoptosis (42+1% compared to 17+1% in cells transfected
with empty vector, p<0.01, Fig. 2B). Similar results were obtained following transfection with
another class II family member, HDAC4 (data not shown). Thus, depolarization-mediated
MEF?2 activity and CGN survival are compromised by overexpression of HDAC transcriptional

Ireépressors.
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Removal of Depolarizing Potassium or CaMK Inhibition Induces Cytoplasm-to-Nuclear
Translocation of Endogenous HDAC5-We next examined the subcellular localization of
endogenous HDACS5 and MEF2D in CGNs maintained in either depolarizing or non-
depolarizing medium. Cells cultured in the presence of depolarizing extracellular potassium
demonstrated immunocytochemical localization of HDACS in the cytoplasm with little to no
immunoreactivity observed in nuciei. In contrast, MEF2D was localized exclusively to nuclei,
and therefore, there was essentially no overlapping staining for MEF2D and HDACS in control
CGNs (Fig. 3, left panels). Removal of depolarizing potassium for 4 h induced a dramatic
cytoplasm-to-nuclear translocation of endogenous HDACS, resulting in significant overlap of
MEF2D and HDACS staining (Fig. 3, middle panels).

Previous work in skeletal and cardiac muscle has shown tat the subcellular localization of
class II HDACs during muscle differentiation can be regulated by CaMK activity (19, 20).
Overexpression of either constitutively-active CaMKI or CaMKIV induced phosphorylation of
two serine residues (Ser259 and Ser498 in HDACS) resulting in docking of HDACs to
cytoplasmic scaffolding proteins of the 14-3-3 family @1). In this manner, CaMK-mediated
phosphorylation of HDACs results in their nuclear exclusion, allowing for derepression of MEF2
activity that is required for muscle differentiation. To examine if depolarization maintains
HDACS in the cytoplasm of CGNs via endogenous CaMK activity, cells were incubated in
depolarizing medium containing the CaMK inhibitor KN93. Inclusion of KN93 mimicked the
effect of removing the depolarization stimulus, resulting in nuclear translocation of HDACS5 and
its co-localization with MEF2D (Fig. 3, right panels). In a similar manner, either removal of the

depolarization stimulus or addition of KN93 also induced the nuclear translocation of HDAC4 in
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CGNs (data not shown). These data suggest that depolarization promotes the nuclear exclusion
of HDACS and 4 via the activity of an endogenous CaMK.

CaMK Inhibition Results in Dephosphorylation of HDACS and Its Association with MEF2D-
To evaluate the phosphorylation status of endogenous HDACS in CGNs, we examined the
electrophoretic mobility of HDACS5 on SDS-polyacrylamide gels. In cell lysates obtained from
CGNs maintained in depolarizing medium, HDACS appeared as a broad band or doublet on
western blots (Fig. 44, first lane). Removal of depolarizing potassium (Fig. 44, second lane) or
addition of the CaMK inhibitor, KN93 (Fig. 44, third lane), increased the electrophoretic
mobility of HDACS and resulted in the disappearance of the upper band of the doublet,
indicative of a loss of the phosphorylated HDACS species. These results suggest that a CaMK
activated by depolarization in CGNs regulates the phosphorylation status of HDACS.

To determine if the dephosphorylation and nuclear translocation of HDACS induced by
removal of the depolarization stimulus or CaMK inhibition permits its direct interaction with
nuclear MEF2 proteins, we performed co-immunoprecipitation experiments. MEF2D immune
complexes isolated from CGNs maintained in depolarizing medium did not contain any
detectable HDACS (Fig. 4B, first lane). This finding is consistent with the immunocytochemical
data shown in Fig. 3 that demonstrated little co-localization of MEF2D and HDACS5 under
control conditions. In contrast, MEF2D isolated from cells incubated in either non-depolarizing
medium or in the presence of KN93 co-precipitated with HDACS (Fig. 4B, second and third
lanes). Note that the electrophoretic mobility of MEF2D was significantly retarded in cells
cultured in non-depolarizing medium, consistent with its hyperphosphorylation under these
conditions as we have previously reported (14, 25). Interestingly, CaMK inhibition also resulted

in some decreased mobility of MEF2D, suggesting that HDACS5 association with MEF2D may
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alter the accessibility of MEF2D to phosphatases (eg., calcineurin). Collectively, these data
suggest that inhibition of CaMK activity in CGNs promotes the dephosphorylation and nuclear
translocation of HDACS, ultimately resulting in its co-association with MEF2 transcription
factors.

CaMK Inhibition Blocks Depolarization-mediated MEF2 Activity and Survival of CGNs-To
determine the functional consequences of HDACS5 nuclear translocation and its interaction with
MEF2D, we next examined the effects of CaMK inhibition on MEF2 transcriptional activity and
CGN survival. Incubation of CGNs with the CaMK inhibitors, KN93 or KN62, induced a
marked decrease in endogenous MEF2 activity measured with a MEF2-driven luciferase reporter
gene (Fig. 54). Moreover, CaMK inhibition induced significant CGN apoptosis in the presence
of depolarizing potassium (Fig. 5B). Apoptosis induced by KN93 was characterized
morphologically by substantial chromatin fragmentation, microtubule disruptibn, and caspase-3
activation (Fig. 5C). These results demonstrate that inhibition of endogenous CaMK activity is
sufficient to induce nuclear translocation of the MEF2 repressor, HDACS5, resulting in a loss of
MEF?2 activity and induction of CGN apoptosis.

Antisense to CaMKII o Induces Nuclear Translocation of HDACS5-Previous work in skeletal
muscle describing the regulation of HDAC localization by CaMK activity has relied on
overexpression of various CaMK isoforms (19). To date, identification of the endogenous
CaMK isozyme(s) involved in HDAC regulation has not been reported. The CaMK enzyme
family is made up of several distinct isoforms, including CaMK I, II and IV, with four distinct
genes (@, B, 8, y) coding for members of the CaMKII subfamily 26). Of the many CaMK
isozymes identified, only CaMKIIa is exclusively expressed in the brain (27). The CaMK

inhibitors, KN93 and KN62, lack isozyme-specificity and have been shown to inhibit the
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activities of CaMKI, II and IV (28, 29). To selectively evaluate a role for CaMKII in regulating
the subcellular localization of HDACS in CGNs, cells were incubated with a CaMKIIo-specific
antisense oligonucleotide. This antisense construct has previously been reported to reduce
CaMKIla expression and induce epileptiform activity in primary cultured hippocampal neurons
(23).

Addition of 1 uM of a FITC-labeled, phosphorothioate antisense oligonucleotide to CaMKIlo
to CGN cultures for 8 h resulted in a marked reduction in CaMKIIo immunoreactivity in cells
expressing the FITC-antisense when compared to cells in the saﬁle field that did not take up the
antisense construct (Fig. 64). In general, approximately 25% of the CGNs took up the FITC-
labeled CaMKIlo antisense following 8 to 24 h of incubation at a concentration of 1 pM.
Granule neurons expressing the FITC-CaMKIloe antisense demonstrated a dramatic
redistribution of endogenous HDACS5 from the cytosol to the nucleus, even when maintained in
depolarizing medium (Fig. 6B). In contrast, cells in the same field that did not express the
antisense showed HDACS localization that was extensively cytoplasmic. These results indicate
that the endogenous CaMKIIisozyme regulates depolarization-mediated cytoplasmic
localization of HDACS in CGNs.

Antisense to CaMKIIa Does Not Affect CaMKIV-dependent Phosphorylation of CREB-To
confirm the selectivity of the CaMKIIo antisense, we examined its effects on phosphorylation of
the CaMKIV substrate, cAMP-response element binding protein (CREB). A recent study
demonstrated that CaMKIV activity promotes depolarization-mediated CGN survival via
phosphorylation of CREB on the activating Ser133 (30). As shown in Fig. 74 (upper panels),
CREB phosphorylation on Ser133 was high in CGNs maintained in depolarizing medium.

Addition of the CaMK inhibitor, KN93, resulted in a complete loss of CREB phosphorylation

15




(Fig. 74, lower panels). This latter result is consistent with the relative non-selectivity of KN93
for the various isoforms of CaMK (28, 29). In contrast, the FITC-labeled antisense to CaMKIIo
had no significant effect on CREB phosphorylation after 8 h of incubation (Fig. 7B, compare the
CREB phosphorylation in FITC-positive cells to that in antisense-negative cells), a time point at
which it caused significant nuclear translocation of HDACS (see Fig. 6B). These results
demonstrate the selectivity of the CaMKIIa antisense. In addition, they suggest that CaMKII
regulation of HDAC localization is an alternative calcium-dependent pathway to
CaMKIV/CREB for mediating CGN survival.

Antisense to CaMKIIa Induces Caspase-3 Activation and Apoptosis of CGNs-To determine
the extent of CGN apoptosis induced by antisense treatment, we quantified the number of cells
with condensed and/or fragmented nuclei in cultures incubated with either the CaMKIlo
antisense or a missense control oligonucleotide. Because the missense oligonucleotide was not
fluorescently labeled, an unlabeled antisense was utilized in these experiments. The overall
basal apoptosis of control CGN cultures maintained in depolarizing medium measured 9+1%
(n=3 experiments, performed in triplicate) on day 8 in vitro. On day 7 in vitro, cells were
exposed to either the CaMKIIo antisense or a control missense oligonucleotide for 24 h, each at
a final concentration of 1 pM. CGN cultures incubated with the antisense to CaMKIIo
demonstrated an overall apoptosis of 33+£11% (n=3), whereas cells treated with the missense
construct showed apoptosis comparable to the untreated controls (8+1%, n=3). These results
demonstrate that the scrambled missense had no discernible effect on CGN survival when added
at the same concentration as the antisense construct.

As mentioned previously, in a given experiment approximately 25% of the entire culture took

up the FITC-labeled antisense. Therefore, the overall apoptosis observed in CGN cultures
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incubated with the unlabeled antisense was consistent with near complete apoptosis of the
antisense-positive cells. To verify this result, we quantitated the fraction of FITC-positive cells
that were apoptotic following a 24 h incubation with 1 uM of the FITC-labeled CaMKIIo
antisense. Greater than 95% of the FITC-positive (antisense-positive) CGNs were apoptotic
under these conditions, as assessed by nuclear morphology. In agreement with these findings,
essentially every cell that accumulated the FITC-labeled antisense to CaMKIIo for 24 h
demonstrated substantial immunoreactivity for active (cleaved) caspase-3, whereas surrounding
antisense-negative cells in the same field were devoid of active caspase-3 staining (Fig. 8).
Thus, antisense-mediated depletion of CaMKIlIo: inhibits depolarization-dependent survival

signaling and induces CGN apoptosis.
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DISCUSSION

MEF2 proteins are members of the MADS (MCMI-agamous-deficiens-serum response
factor) family of transcription factors (31-33). The mammalian MEF2 family consists of four
distinct genes (A, B, C, D) that each code for multiple splice variants (31, 34). MEF2 proteins
play a key role in the differentiation and survival of neurons during CNS development. The
expression of MEF2 proteins in the developing CNS is regulated temporally and spatially in an
isoform-specific manner, and coincides with neuronal maturation. For example, cerebral cortical
neuron development is associated with changes in the expression of MEF2C (35-37), whereas
CGN maturation is coupled to enhanced expression of MEF2A and MEF2D (9). Their
differential tissue distribution suggests that MEF2 proteins may be regulated in an isoform-
specific manner. Indeed this is the case in CGNs where MEF2A and MEF2D are
phosphorylated and ultimately cleaved by caspases following removal of depolarizing potassium,
whereas MEF2B and MEF2C are not modified in this manner (14). These findings indicate that
signal transduction pathways which regulate MEF2 activity display both tissue-specific and
isoform-specific properties.

To date, the modulation of MEF2 activity by calcium-regulated signals has largely been
studied in muscle cells in which MEF2 proteins act as key regulators of myogenic differentiation
(5, 6). Given that distinct MEF2 isoforms can be regulated differently, even within the same cell
(14), it is unknown if signaling pathways that modulate MEF2 proteins in muscle will
necessarily translate Vdirectly into neurons. Moreover, MEF2 regulation in muscle has been
investigated during either myogenic differentiation (38-40) or hypertrophy (41-43). In contrast,

a principal function of MEF2 proteins in neurons is to promote activity-dependent cell survival
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(12, 15). The signaling pathways that are invoked during muscle differentiation or hypertrophy
may be different from those generated in neurons by activity-dependent calcium influx.

Despite these important differences, at least two signaling pathways have been implicated in
MEF2 regulation in both muscle and neurons. First, the stress-activated protein kinase, p38
MAP kinase, stimulates MEF2 activity in hypertrophic muscle (41, 44) and in CGNs responding
to depolarization (12). Second, the phosphatase, calcineurin, positively regulates MEF2 activity
in both muscle cells (16, 45, 46) and CGNs (17). In muscle, p38 MAP kinase and calcineurin
cooperate with CaMK to maximally activate MEF2 transcriptional activity (5, 47).

CaMK-mediated regulation of MEF2 activity in muscle has been proposed to occur primarily
by an indirect mechanism. Class II HDAC proteins act as endogenous repressors of MEF2
transcriptional activity by directly interaéting with MEF2 proteins in the nucleus (40).
Overexpression of active CaMK I or IV derepresses MEF2 activity in muscle by phosphorylating
HDACs and promoting their nuclear export (18, 19). CaMK-mediated phosphorylation of
HDAC:s on specific serine residues promotes HDAC binding to cytosolic scaffolding proteins of
the 14-3-3 family, resulting in sequestration of HDACsS in the cytoplasm (21, 48). In the present
study, we demonstrate that endogenous CaMKII plays a key role in CGNs to exclude HDACs
from the nucleus, and in turn, to derepress MEF2 activify and promote cell survival.

We initially confirmed an essential role for MEF2 activity in CGN survival by demonstrating
that adenoviral infection of a truncated, dominant-interfering mutant of MEF2 (MEF2A131) is
sufficient to induce apoptosis of CGNs that are maintained in depolarizing medium. To examine
a potential role for HDACs in the regulation of MEF2 activity in CGNs, the effects of

overexpressing the class I HDAC, HDACS, on MEF2 activity and CGN survival were assessed.
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Transient transfection of CGNs with HDACS induced a significant loss of endogenous MEF2
transcriptional activity and substantial apoptosis under depolarizing conditions.

To directly investigate the involvement of endogenous HDACS in regulating MEF2 activity,
we next analyzed the subcellular localization of MEF2D and HDACS in CGNs. As expected,
the transcription factor MEF2D was exclusively nuclear under all conditions tested. In contrast,
endogenous HDAC5 was extensively cytoplasmic in CGNs cultured in depolarizing medium.
Either removal of the depolarization stimulus or addition of the CaMK inhibitor, KN93, induced
a marked translocation of HDACS5 into the nucleus where it co-localized with MEF2D. While
this paper was in preparation, Chawla et al. (49) described a partial inhibition of HDACS nuclear
export in hippocampal neurons following incubation with a similar CaMK inhibitor, KN62.
However, these authors did not examine the effects of CaMK inhibition on MEF2 activity or
neuronal survival downstream of HDAC shuttling. In the current study performed in CGNS, the
nuclear translocation of HDACS5 was associated with its enhanced mobility on polyacrylamide
gels (consistent with its dephosphorylation) and its co-precipitation with MEF2D. Collectively,
these data indicate that depolarization-mediated calcium influx stimulates the activity of an
endogenous CaMK that, in turn, phosphorylates HDACS and inhibits its nuclear localization.

The ultimate consequence of removing the depolarization stimulus from cerebellar cultures is
the apoptotic death of CGNs (13, 50). Loss of MEF2 transcriptional activity precedes CGN
death under non-depolarizing conditions and apoptosis can be attenuated by expression of a
constitutively-active MEF2 mutant (12, 14). Previous work suggests a role for CaMK activity in
depolarization-mediated survival of CGNs (51). In agreement with this, addition of the CaMK
inhibitors, KN93 or KN62, to CGNs maintained in depolarizing medium mimicked the loss of

MEF2 activity and induction of CGN apoptosis that normally occur under non-depolarizing
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conditions. The ability of CaMK inhibitors to induce the nuclear translocation of HDACS5 and
the consequent loss of MEF2 activity suggests that an endogenous CaMK isozyme(s) actively
derepresses MEF2-dependent transcription of putative pro-survival genes in CGNs maintained in
depolarizing medium.

The regulation of HDAC localization by CaMK in muscle and other non-neuronal cells has
been analyzed primarily by overexpression of various CaMK isoforms, including constitutively-
active mutants of CaMKI and IV (19, 48). Thus far, the endogenous CaMK isozyme(s) involved
in HDAC regulation has not been identified. CaMKIIa is a brain-specific CaMK isozyme best
known for its role in hippocampal long term potentiation, a cellular model of learning and
memory (52). However, CaMKIla is also expressed in cerebellum (53), where it has been
implicated in CGN neurite outgrowth (51, 54). Since the CaMK inhibitors, KN93 and KN62,
lack isozyme selectivity (28, 29), we utilized an antisense strategy to specifically interfere with
CaMKI1I signaling in CGNs.

Recently, direct addition of a phosphorothioate antisense oligonucleotide to CaMKIIc. to
primary hippocampal neurons was shown to substantially decrease CaMKIlIo: expression ir vitro
(23). We found that addition of an identical FITC -labeled CaMKIIc. antisense oligonucleotide to
CGN cultures maintained in depolarizing medium resulted in a marked loss of CaMKIlo,
immunoreactivity and nuclear translocation of HDACS5. In contrast, this antisense construct had
no discernible effect on phosphorylation of the CaMKIV substrate, CREB, demonstrating the
specificity of the oligonucleotide for CaMKII. Finally, antisense to CaMKIIo induced caspase-3
activation and apoptosis, whereas a scrambled missense controi oligonucleotide had no effect on
CGN survival. Collectively, these _resuIts indicate that CaMKII is an important endogenous

regulator of HDACS localization and MEF2-mediated survival of CGN3s.
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Our data implicating CaMKII in neuronal survival support previous findings suggesting that
reductions in CaMKII activity contribute to neuronal death induced by excitotoxicity or ischemia
in vitro and in vivo (55-58). Since loss of MEF2 activity has recently been implicated in
excitotoxic and ischemic neuronal death (59), it will be interesting to determine if nuclear
localization of HDACS (or other class II family members) is also detected in these conditions.
One implication of this would be that HDAC repression may act in a coordinated manner with
caspase-mediated degradation of MEF2 proteins to deplete MEF2 activity during neuronal
apoptosis (14, 59).

In summary, data in the present study establish a principal role for endogenous CaMKII in the
modulation of HDACS localization in CGNs. By phosphorylating HDAC5, CaMKII excludes
this transcriptional repressor from the nucleus and prevents it from interacting with MEF2D. In
this manner, CaMKII works in a coordinated fashion with other signaling molecules, such as
calcineurin, to maximize MEF2-dependent transcription of putative pro-survival genes. These
results add further insight into the complexities of MEF2 regulation in neurons and sixggest that
multiple calcium-regulated pathways act in concert to modulate the function of these important

transcription factors during CNS development.
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FIGURE LEGENDS

FIG. 1. A truncated.mutant of MEF2A acts as a dominant-negative transcription factor
and inhibits depolarization-mediated survival of CGNs. A, CGNs (day 7 in vitro) were
transiently co-transfected with a MEF2-responsive luciferase reporter plasmid and pCMV-B-gal
in the presence of either empty vector (pcDNA3.1) or a truncated mutant of MEF2A lacking the
transcriptional activation domain (MEF2A131). After transfection, cells were placed in serum-
free medium containing either 25 mM KCl (25K) or 5 mM KCl (5K). Luciferase and B-
galactosidase activities were determined and luciferase activity was normalized with respect to
that of B-galactosidase. Data are expressed as a percentage of the activity in control neurons
transfected with empty vector. Results represent the mean+SEM for three independent
experiments each performed in duplicate. *Significantly different from the empty vector control
in 25K (p < 0.01). B, On day 4 in vitro, CGNs were placed in 25K medium and were infected
with either adenovirus expressing green fluorescent protein (Ad-GFP) or expressing a Flag-
tagged truncated MEF2A (Ad-Flag-MEF2A131), each at a titer of 100 m.o.i. Cells were
incubated for 72 h following infection and immunocytochemistry for the Flag epitope was
performed. GFP-positive cells were detected by fluorescence under a FITC filter. Nuclei were
stained with DAPI and apoptosis was quantified by counting the percentage of either GFP-
positive or Flag-positive cells that had condensed and/or fragmented chromatin. The values
shown represent the mean+SEM % apoptosis for three experiments each performed in triplicate.
Arrows in the DAPI (right) panels point to the corresponding GFP-positive or Flag-positive cells

shown in the left panels. Scale bar, 10 um.
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FIG. 2. Overexpression of HDACS inhibits MEF2 activity and induces CGN apoptosis
in depolarizing medium. A4, CGNs (day 7 in vitro) were transiently co-transfected with a
MEF2-responsive luciferase reporter plasmid and pCMV-B-gal in the presence of either empty
vector (pcDNA3.1) or HA-tagged HDACS. After transfection, cells were placed in serum-free
medium containing either 25 mM KCl (25K) or 5 mM KCl (5K). Luciferase and B-galactosidase
activities were determined and luciferase activity was normalized with respect to that of B-
galactosidase. Data are expressed as a percentage of the activity in control neurons transfected
with empty vector. Results represent the mean+SEM for three independent experiments each
performed in duplicate. *Signiﬁcantly different from the empty vector control in 25K (p < 0.01).
B, CGNs were transfected with either empty vector or HA-HDACS5 and then placed in either 25K
or 5K medium for an additional 24 h. CGN apoptosis was quantified by DAPI staining of nuclei.
HDACS expressing cells were identified by immunoreactivity for the HA epitope tag. The
values shown represent the mean+SEM % apoptosis for three experiments each performed in

triplicate. "Significantly different from the empty vector control in 25K (p < 0.01).

FIG. 3. Cytoplasm-to-nuclear translocation of endogenous HDACS is induced in CCNs
deprived of depolarizing potassium or incubated with the CaMK inhibitor KN93. CGNs
(day 7 in vitro) were incubated for 4 h in serum-free medium containing either 25 mM KCl
(25K), 5 mM KCI (5K), or 25K+KN93 (5 uM). Following incubation, cells were fixed in 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100, and blocked in 5% BSA. HDAC5
and MEF2D were immunocytochemically localized by incubating the cells with a polyclonal
antibody to HDACS and a monoclonal antibody to MEF2D followed by Cy3-conjugated and

FITC-conjugated secondary antibodies, respectively. Nuclei were identified by DAPI staining,
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Digitally deconvolved images were captured using a 63X oil objective. The images shown are
representative of results obtained in three independent experiments. The bottom row shows the
merged images of the DAPI, FITC, and Cy3 channels. Note that MEF2D was exclusively
nuclear under all conditions, whereas the localization of HDACS5 changed from cytoplasmic in
25K to nuclear in the 5K and 25K+KN93 conditions. The nuclear colocalization of HDACS5

with MEF2D and DAPI under the 5K and 25K+KN93 conditions is evident by the resultant

white overlapping staining in the merged images. Scale bar, 10 um.

FIG. 4. Removal of depolarizing potassium or addition of the CaMK inhibitor KN93
promotes an increased mobility of HDAC5 on polyacrylamide gels and association of
HDACS with MEF2D. 4, CGNs (day 7 in vitro) were incubated for 4 h in serum-free medium
containing either 25 mM KClI (25K), 5 mM KCl (5K), or 25K+KN93 (5 uM). Following
incubation, detergent-soluble cell lysates were subjected to SDS-PAGE on 5% polyacrylamide
gels and the proteins were subsequently transferred to PVDF membranes. HDAC5 was detected
by immunoblotting (IB) with a polyclonal antibody and a horseradish-peroxidase-conjugated
secondary. Immunoreactive proteins were detected by enhanced chemiluminescence. The blot
shown is representative of results obtained in three separate experiments. Note that HDACS runs
as a broad apparent doublet in 25K, whereas under the 5K or 25K+KN93 conditions the upper
band of the doublet disappears, indicative of an enhanced mobility of HDAC5 under these
conditions. B, CGNs were incubated exactly as described in 4 and cell 1y$ates were prepared.
MEF2D was immunoprecipitated (IP) from the cell lysates using a polyclonal antibody and
immune complexes were resolved on 7.5% gels. The membranes were cut at the 75 kDa

standard and the upper portion of the blot was probed for HDACS while the lower portion was
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probed for MEF2D. The blots shown are indicative of data observed in two independent
experiments. Note that HDAC5 was only detectable in MEF2D immune complexes obtained
from CGNs incubated in either 5K or 25K+KN93 conditions. HC, immunoglobulin heavy chain

from the precipitating antibody.

FIG. 5. The CaMK inhibitors, KN93 and KN62, block depolarization-mediated MEF2
transcriptional activity and induce apoptosis of CGNs. 4, CGNs (day 7 in vitro) were
transiently co-transfected with a MEF2-responsive luciferase reporter plasmid and pCMV-B-gal.
After transfection for 2 h, cells were placed in serum-free medium containing either 25 mM KCl
(25K) £ KN93 or KN62 (each at 5 pM) or S mM KCl (SK). Luciferase and B-galactosidase
activities were determined 4 h later and luciferase activity was normalized with respect to that of
B-galactosidase. Data are expressed as a percentage of the activity in control neurons transfected
with empty vector. Results represent the mean+SEM for three independent experiments each
performed in duplicate. “Significantly different from the 25K control (p < 0.01). B, CGNs (day
6 in vitro) were incubated in either 25K medium + KN93 or KN62 or 5K medium for 24 h
CGN apoptosis was quantified by Hoechst staining of nuclei. The values shown represent the
meantSEM % apoptosis for three experiments each performed in triplicate. *Signiﬁcantly
different from the 25K control (p < 0.01). C, CGNs incubated for 24 h in 25K medium alone
(left panels) or containing KN93 (right panels) were fixed in 4% paraformaldehyde,
permeabilized with 0.2% Triton X-100, and blocked in 5% BSA. Beta-tubulin and active
(cleaved) caspase-3 [Casp-3 (a)] were immunostained by incubating the cells with a monoclonal
antibody to tubulin and a polyclonal antibody that specifically recognizes the active fragment of

caspase-3, followed by FITC-conjugated and Cy3-conjugated secondary antibodies, respectively.
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Nuclei were identified by DAPI staining. Digitally deconvolved images were captured using a
63X oil objective. The images shown are representative of results obtained in three independent
experiments. The bottom panels show the merged images of the DAPI, FITC, and Cy3 channels.
Arrows point to cells in the KN93 treated culture that demonstrate significant chromatin
fragmentation and immunoreactivity for active caspase-3. Also, note the substantial loss of fine

microtubule staining in the KN93 treated culture. Scale bar, 10 um.

FIG. 6. An antisense oligonucleotide to CaMKIIo decreases CaMKIIo expression and
induces nuclear translocation of HDACS. 4, CGNs (day 7 in vitro) were incubated in serum-
free medium containing 25 mM KCI (25K) and a phosphorothioate, FITC-labeled antisense
oligonucleotide to CaMKIIo (CaMKIIa-FITC-as, 1 pM final concentration). After incubation
for 8 h, cells were fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and
blocked in 5% BSA. Expression of endogenous CaMKIIo was then assessed by immunostaining
with an isozyme-specific antibody and a Cy3-conjugated secondary. Nuclei were stained with
DAPI and CGNs expressing the antisense construct were identified by positive staining in the

FITC channel (indicated by the arrows). Note that cells positive for the antisense exhibited
substantially less immunoreactivity for CaMKIIo. than cells in the same field that did not take up
the oligonucleotide. In general, approximately 25% of the entire CGN culture took up the FITC-
labeled CaMKIIo: antisense. The images shown are indicative of data obtained in two separate
experiments. Scale bar, 10 pm. B, CGNs incubated exactly as described in 4 were
immunostained for HDACS5 using a polyclonal antibody and a Cy3-conjugated secondary. The
arrows point to cells that were positive for the CaMKIIa-FITC-as. Note that CGNs expressing

the antisense demonstrated nuclear localization of HDACS, whereas antisense-negative cells in
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the same field showed cytoplasmic localization of HDAC5. The lower right panel shows the
merged image of the DAPI, FITC and Cy3 channels — note the white overlapping nuclear
staining in cells expressing the antisense and showing nuclear HDACS. The results shown are

representative of three independent experiments. Scale bar, 10 um.

FIG. 7. CREB phosphorylation in CGNs is not affected by a CaMKIIo antisense
oligonucleotide. 4, CGNs (day 7 in vitro) were incubated for 4 h in serum-free medium
containing 25 mM KCl (25K) in the absence or presence of KN93 (5 uM). Cells were fixed in
paraformaldehyde and CREB phosphorylated on Serl133 (p-CREB) was identified by staining
with a phospho-specific polyclonal antibody and a Cy3-conjugated secondary. Each of the p-
CREB images was captured with a 63X oil objective under a Cy3 filter using equal exposure
times. Scale bar, 10 um. B, Cells were incubated for 8 h in 25K medium containing a FITC-
labeled antisense oligonucleotide to CaMKIIow (CaMKIIo-FITC-as, 1 pM final concentration).
Following incubation, cells were immunostained for p-CREB. Arrows pdint to CGNs that were
positive for the FITC-labeled antisense. Note that all of the cells demonstrated similar
immunoreactivity for p-CREB regardless of whether or not they expressed the CaMKIIo

antisense. The images shown are indicative of three independent experiments. Scale bar, 10 pm.

FIG. 8. Antisense to CaMKIIo induces caspase-3 activation in CGNs maintained in
depolarizing medium. CGNs (day 7 in vitro) were incubated in serum-free medium containing
25 mM KCI (25K) and a phosphorothioate, FITC-labeled antisense oligonucleotide to CaMKIIo.
(CaMKIIo-FITC-as, 1 uM final concentration). After incubation for 24 h, cells were fixed in

4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and blocked in 5% BSA.
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Activation of caspase-3 was assessed by immunostaining with a polyclonal antibody that
specifically recognizes the active (cleaved) form of the caspase [Casp-3(a)], followed by a Cy3-
conjugated secondary. Nuclei were stained with DAPI and CGNs expressing the antisense
construct were identified by positive staining in the FITC channel (indicated by the arrows).
Note that cells positive for the antisense exhibited high immunoreactivity for active caspase-3,
whereas cells in the same field that did not take up the oligonucleotide showed no staining for
active caspase. The images shown are representative of two independent experiments. Scale

bar, 10 pm.
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Insulin-Like Growth Factor-I Blocks Bcl-2 Interacting Mediator of
Cell Death (Bim) Induction and Intrinsic Death Signaling in

Cerebellar Granule Neurons
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Cerebellar granule neurons depend on insulin-like growth
factor-1 (IGF-I) for their survival. However, the mechanism un-
derlying the neuroprotective effects of IGF-! is presently unclear.
Here we show that IGF-I protects granule neurons by suppress-
ing key elements of the intrinsic (mitochondrial) death pathway.
IGF-I blocked activation of the executioner caspase-3 and the
intrinsic initiator caspase-9 in primary cerebellar granule neu-
rons deprived of serum and depolarizing potassium. IGF-I in-
hibited cytochrome c release from mitochondria and prevented
its redistribution to neuronal processes. The effects of IGF-1 on
cytochrome c release were not mediated by blockade of the
mitochondrial permeability transition pore, because IGF-I failed
to inhibit mitochondrial swelling or depolarization. In contrast,
IGF- blocked induction of the BH3-only Bcl-2 family member,

Bim (Bcl-2 interacting mediator of cell death), a mediator of
Bax-dependent cytochrome ¢ release. The suppression of Bim
expression by IGF-I did not involve inhibition of the c-Jun
transcription factor. Instead, IGF-1 prevented activation of the
forkhead family member, FKHRL1, another transcriptional reg-
ulator of Bim. Finally, adenoviral-mediated expression of
dominant-negative AKT activated FKHRL1 and induced ex-
pression of Bim. These data suggest that IGF-I signaling via
AKT promotes survival of cerebellar granule neurons by block-
ing the FKHRL1-dependent transcription of Bim, a principal
effector of the intrinsic death-signaling cascade.

Key words: insulin-like growth factor; cerebellar granule neu-
ron; apoptosis; mitochondria; Bim; forkhead transcription factor

Insulin-like growth factor-I (IGF-I) has significant neurotrophic
and neuroprotective effects. IGF-I expression is regulated differ-
entially in various brain regions and is associated temporally with
critical stages of CNS development (Rotwein et al., 1988; Bach et
al., 1991). Deficits in IGF-I are observed in Alzheimer’s disease
(Mustafa et al, 1999) and degenerative cerebellar ataxias
(Torres-Aleman et al., 1996), and recombinant IGF-I slows dis-
ease progression in sporadic amyotrophic lateral sclerosis (Lai et
al., 1997). IGF-I decreases neuronal apoptosis and enhances
functional recovery in animal models of neurodegeneration in-
cluding toxin exposure (Fernandez et al., 1998), transient isch-
emia (Liu et al,, 2001), and neurotransplantation (Clarkson et al.,
2001). Similarly, IGF-I rescues primary neurons from apoptosis
induced by trophic factor withdrawal (Russell et al.,, 1998), exci-
totoxicity (Tagami et al., 1997), and oxidative stress (Heck et al.,
1999). Thus IGF-I is essential for the survival of CNS neurons in
vivo and in vifro.

Cerebellar granule neurons (CGNs) are critically dependent on
IGF-I for their survival (Lin and Bulleit, 1997). In hereditary
models of cerebellar Purkinje cell degeneration (pcd; lurcher), the
primary death of Purkinje neurons induces the subsequent apo-
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ptosis of CGNs because of the loss of Purkinje-derived IGF-I
(Bartlett et al., 1991; Zhang et al., 1997; Selimi et al., 2000a).
Transgenic mice overexpressing IGF-I exhibit a remarkable dou-
bling of CGN number (Ye et al, 1996) and show decreased
expression of caspase-3 in cerebellum (Chrysis et al, 2001).
These observations illustrate that IGF-I protects CGNs from
apoptosis in vivo. '

Similarly, IGF-I rescues primary CGNs from apoptosis induced
by removal of depolarizing potassium and serum (trophic factor
withdrawal), an established in vitro model of neuronal apoptosis
(D’Mello et al.,, 1993; Galli et al., 1995; Miller et al., 1997a). CGN
apoptosis involves activation of the intrinsic (mitochondrial)
death pathway (Green, 1998). For example, trophic factor-
deprived CGNs demonstrate Bax-dependent cytochrome c¢ re-
lease from mitochondria (Desagher et al., 1999), and CGNs
isolated from Bax knock-out mice are less sensitive to trophic
factor withdrawal (Miller et al., 1997b). Moreover, the BH3-only
proapoptotic Bcl-2 family member, Bim (Bcl-2 interacting medi-
ator of cell death), is induced in CGNs undergoing apoptosis
(Harris and Johnson, 2001; Putcha et al., 2001). BH3-only pro-
teins facilitate intrinsic death signaling in a Bax-dependent man-
ner (Desagher et al., 1999; Zong et al., 2001). Although it is
recognized that IGF-1 rescues CGNs via phosphatidylinositol 3
kinase (PI3K) and AKT (Dudek et al., 1997; Miller et al., 1997a),
the effects of IGF-I on components of the intrinsic death pathway
have not been examined. _

Here we found that IGF-I suppresses induction of Bim, cyto-
chrome c release from mitochondria, and activation of the intrin-
sic initiator caspase-9 and the executioner caspase-3 in trophic
factor-deprived CGNs. Although c-Jun N-terminal protein kinase
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(JNK)/c-Jun signaling has been implicated in the induction of
Bim during neuronal apoptosis (Harris and Johnson, 2001; Whit-
field et al., 2001), our data suggest that IGF-I suppresses Bim
expression via a distinct mechanism involving inhibition of the
forkhead transcription factor FKHRL1. These results indicate
that the intrinsic death pathway is a principal target of IGF-Iin
neurons.

MATERIALS AND METHODS

Materials. Recombinant human IGF-I was provided by Margarita Qui-
roga (Chiron, Emeryville, CA). Polyclonal antibodies to Bim, Bcl-X;,
caspase-3, caspase-9, cytochrome c, and c-Jun were from Santa Cruz
Biotechnology (Santa Cruz, CA). Polyclonal antibodies to phospho-c-Jun
(Ser®), phospho-AKT (Ser*”), and AKT were from Cell Signaling
Technologies (lls?.everly, MA). Polyclonal antibodies to phospho-
FKHRL1 (Ser®?) and FKHRL1 were from Upstate Biotechnology
(Lake Placid, NY). Cy3-conjugated secondary antibodies for immuno-
cytochemistry were purchased from Jackson ImmunoResearch Labora-
tories (West Grove, PA). Horseradish peroxidase-linked secondary an-
tibodies and reagents for enhanced chemiluminescence detection were
obtained from Amersham Biosciences (Piscataway, NJ). IC1, tetrameth-
yirhodamine ethyl ester (TMRE), and MitoTracker Green were from
Molecular Probes (Eugene, OR). Wortmannin, Hoechst dye number
33258, and 4’ 6-diamidino-2-phenylindole (DAPI) were from Sigma (St.
Louis, MO). Adenoviral cytokine response modifier A (CrmA) was
obtained from Dr. James DeGregori [University of Colorado Health
Sciences Center (UCHSC), Denver, CO]. Adenoviral CMV (negative
control adenovirus) was from Dr. Jerry Schaack (UCHSC). Adenoviral
kinase-dead K179M mutant (dominant-negative) AKT was obtained
from Drs. Prem Sharma and Jerry Olefsky (University of California, San
Diego, CA).

Cell culture. Rat CGNs were isolated from 7-d-old Sprague Dawley rat
pups (15-19 gm) as described previously (Lietal., 2000). Briefly, neurons
were plated on 35-mm-diameter plastic dishes coated with poly-L-lysine
at a density of 2.0 X 106 cells/ml in basal modified Eagle’s medium
containing 10% fetal bovine serum, 25 mm KC1, 2 mM L-glutamine, and
100 U/ml penicillin/100 pg/ml streptomycin (Invitrogen, Grand Island,
NY). Cytosine arabinoside (10 pM) was added to the culture medium 24
hr after plating to limit the growth of non-neuronal cells. With the use of
this protocol the cultures were ~95-99% pure for granule neurons. In
general, experiments were performed after 7 d in culture.

Quantification of apoptosis. Apoptosis was induced by removing serum
and decreasing the extracellular potassium concentration from 25 to 5
mM. After 24 hr the CGNs were fixed with 4% paraformaldehyde, and
the nuclej were stained with either Hoechst dye or DAPI. Cells were
considered apoptotic if their nuclei either were condensed or were
fragmented. In general, ~500 cells from at least two fields of a 35 mm
well were counted. Data are presented as the percentage of cells in a
given treatment group that were scored as apoptotic. Experiments were
performed at least in triplicate.

Preparation of CGN cell extracts. After incubation for the indicated times
and with the reagents specified in Results, the culture medium was aspi-
rated; the cells were washed once with 2 ml of ice-cold PBS, pH 7.4, placed
on ice, and scraped into lysis buffer (200 p1/35 mm well) containing (in
mm): 20 HEPES, pH 74, 50 NaCl, 1 EGTA, 5 -glycerophosphate, 30
sodium pyrophosphate, and 1 phenylmethylsulfonyl fluoride plus 1% Triton
X-100, 100 uM sodium orthovanadate, 10 pg/ml leupeptin, and 10 ug/ml
aprotinin. Cell debris was removed by centrifugation at 6000 X g for 3 min,
and the protein concentration of the supernatant was determined by a
commercially available protein assay kit (Pierce, Rockford, IL). Aliquots
(~150 pug) of supernatant protein were diluted to a final concentration of
1X SDS-PAGE sample buffer, boiled for 5 min, and electrophoresed
through 10-15% polyacrylamide gels. Proteins were transferred to polyvi-
nylidene difluoride (PVDF) membranes (Millipore, Bedford, MA) and
processed for immunoblot analysis.

Immunoblot analysis. Nonspecific binding sites were blocked in PBS,
pH 7.4, containing 0.1% Tween 20 (PBS-T) and 1% BSA for 1 hr at room
temperature. Primary antibodies were diluted in blocking solution and
incubated with the membranes for 1 hr. Excess primary antibody was
removed by washing the membranes three times in PBS-T. Then the blots
were incubated with the appropriate horseradish peroxidase-conjugated
secondary antibody diluted in PBS-T for 1 hr and subsequently were
washed three times in PBS-T. Immunoreactive proteins were detected by
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enhanced chemiluminescence. In some experiments the membranes were
reprobed after stripping in 0.1 M Tris-HC], pH 8.0, 2% SDS, and 100 mM
B-mercaptoethanol for 30 min at 52°C. The blots were rinsed twice in
PBS-T and processed as above with a different primary antibody. Auto-
luminograms shown are representative of at least three independent
experiments. :

Immunocytochemistry. CGNs were cultured on polyethyleneimine-
coated glass coverslips at a density of ~2.5 X 10° cells per coverslip.
After incubation as described in Results, the cells were fixed in 4%
paraformaldehyde and were permeabilized and blocked in PBS, pH 7.4,
containing 0.2% Triton X-100 and 5% BSA. Cells then were incubated
for ~16 hr at 4°C with primary antibody diluted in PBS containing 0.2%
Triton X-100 and 2% BSA. The primary antibody was aspirated, and the
cells were washed five times with PBS. Then the cells were incubated
with a Cy3-conjugated secondary antibody and DAPI for 1 hr at room
temperature. CGNs were washed five more times with PBS, and cover-
slips were adhered to glass slides in mounting medium (0.1%
p-phenylenediamine in 75% glycerol in PBS). Fluorescent images were
captured by using either 63X or 100X oil immersion objectives on a Zeiss
Axioplan 2 microscope equipped with a Cooke Sensicam deep-cooled
CCD camera and a Slidebook software analysis program for digital
deconvolution (Intelligent Imaging Innovations, Denver, CO).

Measurement of mitochondrial swelling. CGNs were incubated as de-
scribed in Results, and JC1 (final concentration, 2 pg/ml) was added to
the cultures 30 min before fixation to stain mitochondria. JC1 fluores-
cence was captured in paraformaldehyde-fixed cells by using a Cy3 filter
under a 100X oil objective. Then the diameters of ~150 mitochondria
per treatment condition were measured from digitally deconvolved im-
ages obtained from a total of 15-20 CGNs (randomly pooled from four
independent experiments).

Assessment of mitochondrial membrane potential. CGNs grown on glass
coverslips were incubated as described in Results, and TMRE (500 nM)
was added directly to the cells 30 min before the end of the incubation
period. After incubation the coverslips were inverted onto slides into a
small volume of phenol red-free medium containing TMRE (500 nMm).
Living cells then were imaged with a Cy3 filter to detect TMRE fluo-
rescence under a 100X oil objective. All images were acquired at equal
exposure times for TMRE fluorescence to assess the relative mitochon-
drial membrane potentials. )

Adenoviral infection. Recombinant adenoviruses were purified by ce-
sium chloride gradient ultracentrifugation. The viral titer (multiplicity of
infection) was determined by measuring the absorbance at 260 nm
(where 1.0 absorbance unit = 1 X 10*2 particles/ml), and infectious
particles were verified by plaque assay. Adenoviral (Ad)-CMV, Ad-
CrmA, or Ad-dominant-negative (DN)-AK T was added to CGN cultures
on day S at a multiplicity of infection of 50. At 48 hr after infection either
CGN’ apoptosis was ‘induced by removal of serum and depolarizing
potassium for 24 hr (for Ad-CMYV and Ad-CrmA) or cell lysates were
prepared directly for Western blotting for phospho-FKHRL1 and Bim
(for Ad-CMV and Ad-DN-AKT).

Data analysis. The results that are shown represent the means + SEM
for the number (n) of independent experiments that were performed.
Statistical differences between the means of unpaired sets of data were
evaluated by one-way ANOVA, followed by a post hoc Dunnett’s test. A
p value of <0.01 was considered statistically significant.

RESULTS

IGF-1 suppresses CGN apoptosis and activation of
caspase-3 and caspase-9

Primary CGNs are dependent on depolarization-mediated cal-
cium influx and serum-derived growth factors for their survival in
vitro (D’Mello et al., 1993; Galli et al., 1995). The removal of
serum and depolarizing potassium induced marked apoptosis of

 CGN, characterized morphologically by chromatin condensation

and fragmentation (Fig. 14). Quantification of CGN apoptosis
was performed by counting the number of cells with condensed
and/or fragmented nuclei from several representative fields for
each incubation condition. Basal CGN apoptosis was ~10% and
increased to ~60% after 24 hr of trophic factor withdrawal (Fig.
1B). We used this cell system to investigate the mechanism of
IGF-I neuroprotection. As described previously (D’Mello et al.,
1993; Galli et al., 1995; Miller et al., 1997a), the addition of IGF-I

-
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Figure 1. IGF-I inhibits apoptosis and activation of the executioner
caspase-3 and the intrinsic initiator caspase-9 in CGNs subjected to
trophic factor withdrawal. A, CGNs were incubated for 24 hr in either
control (25K+Ser) or apoptotic (5K-Ser) medium containing either PBS
vehicle (VEH) or IGF-I (200 ng/ml) in the absence or presence of
wortmannin (WORT: 100 nM). After incubation the CGNs were fixed, and
the nuclei were stained with DAPI. Scale bar, 10 um. B, The percentages
of apoptotic CGNs observed under the conditions described in A were
quantified by counting ~500 CGNs per field in two fields per condition.
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to cerebellar cultures immediately after trophic factor withdrawal
resulted in an ~80% reduction in CGN apoptosis (Fig. 14,B).
The ability of IGF-I to rescue CGNs from apoptosis required the
activation of PI3K, as demonstrated by the loss of protection
observed in the presence of wortmannin (Fig. 14,B). Activation
of the executioner caspase-3 has been implicated in the apoptotic
death of CGNs (Eldadah et al.,, 2000). Consistent with this, we
observed cleavage of caspase-3 from the proform to an active
fragment within 6 hr of serum and potassium deprivation (Fig.
1C). Like the results obtained for nuclear condensation and
fragmentation, IGF-I inhibited caspase-3 activation in a PI3K-
dependent manner (Fig. 1C). This latter result suggested that

" IGF-I blocks proapoptotic signaling events early in the apoptotic

cascade, because caspase-3 cleavage commonly is thought to
signify commitment to apoptosis. _

To identify potential targets of IGF-I action upstream of the
exccutioner caspase-3 in the apoptotic cascade, we focused on
components of the intrinsic (mitochondrial) death pathway
(Green, 1998). Recent data indicate that the intrinsic death
pathway plays a significant role in CGN apoptosis evoked by
trophic factor withdrawal (Miller et al., 1997b; Desagher et al,
1999). Immediately upstream of caspase-3 cleavage, activation of
the initiator caspase-9 is the most distal event in the intrinsic
pathway (Kuida et al.,, 1998). Recently, caspase-9 activation was
shown to be required for caspase-3 cleavage in CGNs deprived of
serum and depolarizing potassium (Gerhardt et al., 2001). Con-
sistent with the involvement of caspase-9 in CGN apoptosis, we
found that infection of CGNs with adenoviral CrmA, an inhibitor
of Group III caspases (including caspase-9), but not Group II
caspases (such as caspase-3) (Garcia-Calvo et al., 1998), signifi-

‘cantly decreased apoptosis from 72 + 8% (n = 3) to 29 * 3%

(n = 3; p < 0.01). In contrast, a negative control adenovirus
(Ad-CMYV) had no effect on CGN apoptosis (70 = 8%; n = 3).
After acute serum and potassium deprivation, we observed
marked cleavage of caspase-9 consistent with its activation (Fig.
1D). As was observed for caspase-3 cleavage, activation of
caspase-9 was inhibited significantly by IGF-I in a PI3K-
dependent manner (Fig. 1D), demonstrating that IGF-I sup-
presses a key component of the intrinsic death pathway in CGNs.

IGF-I inhibits release of cytochrome ¢ from
mitochondria and its redistribution to neuronal
processes

Caspase-9 is activated after its association with Apaf-1 and cyto-
chrome c, which assemble into a large oligomeric complex known
as the apoptosome (Zou et al., 1999). Formation of the apopto-
some occurs after release of the mitochondrial protein, cyto-
chrome c, into the cytoplasm. In CGNs maintained in the pres-

«—

Values represent the means = SEM for three independent experiments,
each performed in triplicate. *Significantly different from the 25K+Ser
control (p < 0.01). C, CGNs were incubated as described in 4, but for
only 6 hr. Detergent-soluble cell lysates were subjected to SDS-PAGE on
15% polyacrylamide gels, and the proteins were transferred to PVDF
membranes. Activation of caspase-3 was assessed by immunoblotting (IB)
with a polyclonal antibody that recognizes both the proform (~32 kDa)
and the cleaved form (~19 kDa active fragment) of the enzyme. The blot
shown is representative of results obtained in three separate experiments.
D, CGNs were incubated exactly as described in C, and the cell lysates
were electrophoresed as described in C. Activation of caspase-9 was
assessed by Western blotting with a polyclonal antibody that specifically
recognizes the cleaved form (active fragment) of the caspase. The blot
shown is representative of three independent experiments.
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Figure 2. IGF-I blocks cytochrome ¢ release from mitochondria and
prevents its redistribution to focal complexes localized in neuronal pro-
cesses. CGNs were incubated for 4 hr in control (25K+Ser) or apoptotic
(5K-Ser) medium containing either PBS vehicle or IGF-I (200 ng/ml) in
the absence or presence of wortmannin (WORT; 100 nM). After incuba-
tion the CGNs were fixed in 4% paraformaldehyde, permeabilized with
0.2% Triton X-100, and blocked with 5% BSA. Cytochrome ¢ was
localized by incubating the cells with a polyclonal antibody to cytochrome
c and a Cy3-conjugated secondary antibody. Digitally deconvolved images
were captured by using a 63X oil objective. The images shown are
representative of results obtained in three separate experiments. Scale
bar, 10 um. A, CGNs incubated in control medium demonstrated intense
cytochrome c staining in the perinuclear region consistent with localiza-
tion to mitochondria. Very diffuse staining was observed in neuronal
processes. B, CGNs incubated in apoptotic medium for 4 hr showed a
marked redistribution of cytochrome ¢. Note the overall diffuse staining
throughout the cytoplasm accompanied by the formation of distinct,
brightly fluorescent focal complexes on the cell bodies and processes. C,
The area demarcated by the box in A is enlarged to show the diffuse
cytochrome c staining in a control neuronal process. D, The area demar-
cated by the box in B is enlarged to show the intense cytochrome c staining
localized to discrete focal complexes (indicated by the arrowheads) in
neuronal processes ‘of CGNs deprived of serum and depolarizing potas-
siom: E, A region containing. multiple processes (proc) from control
CGNs is shown. Note the overall diffuse cytochrome c¢ staining. F, A
region containing multiple processes from CGNs incubated in apoptotic
medium for 4 hr is shown. Note the presence of many distinct focal areas
of intense cytochrome c staining (indicated by the arrowheads). G, CGNs
incubated in apoptotic medium containing exogenous IGF-I displayed
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ence of serum and depolarizing potassium, cytochrome ¢ was
localized ‘predominantly in mitochondria (Fig. 24), with only
diffuse staining observed in neuronal processes (Fig. 2C,E). Re-
moval of serum and depolarizing potassium for 4 hr resulted in a
rapid redistribution of cytochrome ¢ from mitochondria to a
diffuse staining throughout the cytoplasm. This redistribution
was accompanied by the formation of many pronounced punctate
areas of cytochrome c¢ staining (Fig. 2B). The latter were ob-
served primarily, although not exclusively, in distinct focal com-
plexes localized to neuronal processes (Fig. 2D,F). In contrast to
cytochrome c staining, no detectable redistribution of the mito-
chondrial marker MitoTracker Green was observed in neuronal
processes under apoptotic conditions, indicating that the punctate
areas of cytochrome c staining were not associated with intact
mitochondria (data not shown). Inclusion of IGF-I during trophic
factor withdrawal prevented the release and redistribution of
cytochrome ¢ from mitochondria (Fig. 2G). However, the addi-
tion of wortmannin in combination with IGF-I restored the re-
lease of cytochrome ¢ from mitochondria and its redistribution to
focal complexes in neuronal processes (Fig. 2H), indicating that
the effects of IGF-I on cytochrome c release were PI3K-
dependent. Thus, IGF-I inhibits the release of cytochrome ¢ from
mitochondria and, in this manner, blocks the subsequent activa-
tion of the intrinsic initiator caspase-9.

Mitochondrial swelling and mitochondrial membrane
depolarization are not prevented by IGF-I

There are two potential mechanisms underlying cytochrome ¢
release from mitochondria that have received considerable atten-
tion. The first involves opening of the permeability transition pore
(PTP). The PTP is a heteromeric protein complex that includes
the voltage-dependent anion channel, the adenine nucleotide
translocator, and cyclophilin D as well as several other proteins
(for review, see Martinou and Green, 2001). The PTP is localized
at contact sites between the inner and outer mitochondrial mem-
branes. Some apoptotic stimuli are capable of opening the PTP,
resulting in disruption of the mitochondrial membrane potential
(depolarization), a decline in ATP production, and entry of
solutes and water into the mitochondrial matrix. Ultimately,
mitochondrial swelling and rupture of the outer mitochondrial
membrane occur, allowing the leakage of proteins (e.g., cyto-
chrome c) from the intermembrane space into the cytoplasm. We
used the mitochondrial dye JC1 to visualize mitochondria in
CGNs undergoing apoptosis. Although the absolute amount of
JC1 accumulated in mitochondria varies with membrane poten-
tial, JC1 is extremely photostable and labels all mitochondria to
some extent (White and Reynolds, 1996). After incubation with
JC1 the CGNs were fixed, and the diameters of labeled mitochon-
dria were measured after digital deconvolution imaging. As
shown in Figure 3, serum and potassium deprivation for 4 hr
resulted in dramatic swelling of mitochondria in CGNs (Fig. 34,
top panels). This effect was reversible if serum and depolarizing
potassium were restored within the first 2 hr after trophic factor
withdrawal (Fig. 34, bottom right panel). Inclusion of IGF-I dur-
ing the apoptotic stimulus did not prevent the swelling of CGN

«—

cytochrome c localization to mitochondria similar to control CGNs (see A
for comparison). H, CGNs incubated in apoptotic medium containing
both IGF-I and wortmannin showed cytochrome ¢ staining similar to
CGNs incubated in apoptotic medium alone (see B for comparison).
Focal complexes of cytochrome ¢ staining are indicated by the arrowheads.
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Figure 3. Mitochondrial swelling induced by trophic factor withdrawal is not inhibited by IGF-I. CGNs were incubated for 4 hr in either control
(25K +Ser) or apoptotic (SK-Ser) medium containing either PBS vehicle (VEH) or IGF-I (200 ng/ml). To test for reversibility of mitochondrial swelling,
we first incubated CGN:s for 2 hr in apoptotic medium and then returned them to control medium for an additional 2 hr before staining (REV). In
preliminary time course experiments a 2 hr incubation in apoptotic medium was found to be sufficient to induce marked mitochondrial swelling (data
not shown). At 30 min before fixation, JCI (final concentration, 2 ug/ml) and Hoechst dye were added to the cultures to stain mitochondria and nuclei,
respectively. JC1 fluorescence was captured by using a Cy3 filter under a 100X oil objective. A, Representative images of CGNs incubated as described
above and stained with Hoechst and JC1. Mitochondria are indicated by the arrowheads. Note the dramatic swelling of mitochondria in CGNs incubated
in apoptotic medium in either the absence or presence of IGF-I. Mitochondrial swelling was completely reversible if control medium was replaced within
2 hr (REV). The images shown are representative of CGNs from four separate experiments. Scale bar, 10 pm. B, Distribution of mitochondrial diameters
from CGNs observed under the conditions described in 4. The diameters of ~150 mitochondria per treatment condition were measured from digitally
deconvolved images obtained from a total of 15-20 CGNs (randomly pooled from 4 independent experiments). The mitochondrial diameters were
categorized into the indicated size groups and graphed as a percentage of the total mitochondria with a given diameter C, Quantification of the mean
mitochondrial diameters for CGNs observed under the conditions described in A. Values represent the means = SEM mitochondrial diameters obtained
from the mitochondria measured in B. *Significantly different from the 25K+Ser control; p < 0.01.

dye TMRE. TMRE is accumulated actively in mitochondria
possessing an intact membrane potential but is excluded or lost

mitochondria (Fig. 34, bottom left panel). The distribution of
mitochondrial diameters under control, apoptotic, and apoptotic

plus IGF-I conditions is shown in Figure 3B, and the mean
diameters are shown in Figure 3C. Serum and potassium depri-
vation resulted in a significant 50% increase in the mean mito-
chondrial diameter in CGNs (0.69 %+ 0.03 pm in control vs 1.05 *
0.11 pm in apoptotic; p < 0.01), an effect that was unaltered by
IGF-1 (096 = 0.12 pm) (Fig. 3C). Interestingly, inclusion of
IGF-I in trophic factor-deprived CGNs failed to reverse the
mitochondrial swelling even after 48 hr of incubation, although
apoptosis was still blocked at this time point. However, the
readdition of depolarizing potassium for the latter 24 hr of the
incubation period did reverse the mitochondrial swelling, indicat-
ing that it is a depolarization-sensitive event that is unaffected by
IGF-I (data not shown).

Next we analyzed the mitochondrial membrane potential by
incubating living CGNs with the membrane potential-sensitive

from mitochondria that are depolarized (Krohn et al., 1999).
CGNs maintained in the presence of serum and depolarizing
potassium displayed mitochondria that were stained brightly with
TMRE, indicative of an intact membrane potential (Fig. 4, top left
panel). Because these experiments were conducted in living
CGNs, we showed that the mitochondrial membrane potential of
control CGNs was maintained throughout the duration required
to capture all of the images described below (Fig. 4, bottom right
panel). Serum and potassium deprivation for 4 hr resulted in a
marked loss of mitochondrial TMRE staining, consistent with
mitochondrial membrane depolarization (Fig. 4, top right panel).
As was observed for mitochondrial swelling, the addition of IGF-I
to trophic factor-deprived CGNs did not prevent the loss of
mitochondrial membrane potential (Fig. 4, bottom left panel). The
above results demonstrate that IGF-I does not block cytochrome
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Figure 4. Mitochondrial membrane depolarization elicited by trophic
factor withdrawal is not prevented by IGF-I. CGNs grown on glass
coverslips were incubated for 4 hr in either control (25K+Ser) or apopto-
tic (5K-Ser) medium alone or containing IGF-I (200 ng/ml). At 30 min
before the end of the incubation period TMRE and Hoechst were added
directly to the cells. After incubation the coverslips were inverted onto
slides into a small volume of phenol red-free medium lacking serum or
depolarizing potassium but containing TMRE (500 nM). Living cells then
were imaged under a 100X oil objective. Nuclear staining with Hoechst is
shown in blue; TMRE is shown in red. Scale bar, 10 um. CGNs main-
tained in control medium during the 4 hr incubation period displayed
many mitochondria that were stained intensely with TMRE, indicative of
an intact membrane potential (fop left panel). In contrast, CGNs incu-
bated in apoptotic medium in either the absence (top right panel) or
presence (bottom left panel) of IGF-I expressed very little detectable
mitochondrial TMRE staining, characteristic of a loss of mitochondrial
membrane potential or depolarization. Approximately 5-10 min was
required to capture the images described above. Therefore, at the end of
the capture duration a final image was acquired of another control CGN
to show that the mitochondrial membrane potential was not compromised
during the time required to capture the images (25K+Ser POST). All of
the images shown were acquired at equal exposure times for TMRE
fluorescence and are representative of results obtained from three inde-
pendent experiments, each performed in duplicate.

¢ release from CGN mitochondria by the inhibition of mitochon-
drial swelling or depolarization, suggesting that opening of the
PTP does not play a significant role in cytochrome c release
during apoptosis of CGN. '

IGF-1 blocks induction of the BH3-only Bcl-2 family
member Bim

The second potential mechanism by which cytochrome ¢ release
is regulated involves the formation of a Bax- or Bak-containing
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Figure 5. IGF-I inhibits induction of the BH3-only Bcl-2 family member
Bim in a PI3K-dependent manner. A, CGNs were incubated for 6 hr in
either control (25K +Ser) or apoptotic (5K-Ser) medium containing either
PBS vehicle (VEH) or IGF-I (200 ng/ml) * wortmannin (WORT; 100
nM). After incubation the cell lysates were subjected to SDS-PAGE on
15% polyacrylamide gels, and the proteins were transferred to PVDF
membranes. Bim expression was assessed by immunoblotting with a
polyclonal antibody to Bim that specifically recognized an ~15 kDa
protein, consistent with the apparent molecular weight of Bim short
(Bim,). To affirm equal protein loading, we then stripped the blot and
reprobed it for the anti-apoptotic Bcl-2 family member Bcl-X; , which did
not demonstrate any significant change in expression under the conditions
of this experiment. The blots shown are representative of three separate
experiments. B, Quantification of Bim, expression observed under the
conditions described in 4 was performed by computer-assisted imaging
densitometry. Values represent the means + SEM for three independent
experiments and are expressed relative to the densitometry of Bimg
observed in control CGNs (set to 1.0). *Significantly different from the
25K+Ser control (p < 0.01).

“pore” in the outer mitochondrial membrane that permits the
passage of proteins (Korsmeyer et al., 2000). Bax and Bak are
proapoptotic members of the Bcl-2 family that appear to serve a
redundant function in making the mitochondrial membrane per-
meable to cytochrome ¢ (Wei et al., 2001). The BH3-only Bcl-2
farhily members, including Bad, Bid, DpS5/Hrk, and Bim, have
been shown to promote the proapoptotic effects of Bax and Bak
while concomitantly suppressing the prosurvival function of Bcl-2
(Desagher et al., 1999; Zong et al., 2001). Recently, Bim was
shown to be upregulated after either nerve growth factor (NGF)
withdrawal from primary sympathetic neurons or serum and
potassium withdrawal from CGNs (Putcha et al., 2001; Whitfield
et al,, 2001). Moreover, overexpression of Bim or related BH3-
only family members promotes apoptosis of CGNs in a Bax-
dependent manner (Harris and Johnson, 2001). Immunoblotting
for Bim after acute trophic factor withdrawal in CGNs demon-
strated a marked increase in the expression of Bim short (Bim,,
~15 kDa) (Fig. 54), the most proapoptotic splice variant of this
protein family (O’Connor et al., 1998). Quantification of the
change in protein expression by densitometry revealed that serum
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and potassium deprivation for 6 hr induced a significant 3.4 +
0.4-fold increase (n = 3; p < 0.01) in Bim, (Fig. 5B). Inclusion of
IGF-I completely blunted the induction of Bim, (1.5 * 0.5-fold
increase; n = 3) in a PI3K-dependent manner (Fig. 54,B). In
contrast, the expression of the prosurvival Bcl-2 family member
Bcl-X; was unaffected by either trophic factor withdrawal or
IGF-I (Fig. 54). These data indicate that the suppression of Bim
is one mechanism by which IGF-I inhibits cytochrome c release in
CGNs deprived of serum and depolarizing potassium.

IGF-1 does not suppress Bim expression by

inhibiting c-Jun

Activation of the transcription factor c-Jun is required for apo-
ptosis of primary sympathetic neurons subjected to NGF with-
drawal (Eilers et al., 1998) and CGNs undergoing serum and
potassium deprivation (Watson et al., 1998). The ability of a
dominant-negative mutant of c-Jun to rescue sympathetic neu-
rons from apoptosis recently has been attributed, in part, to its
ability to block the induction of Bim (Whitfield et al., 2001). The
transcriptional activity of c-Jun is stimulated after its phosphor-
ylation on multiple serine residues (including Ser®® and Ser”®) by
upstream kinases of the JNK family (Minden et al., 1994). Chem-
ical inhibitors of JNK have been shown to inhibit apoptosis of
CGNs (Harada and Sugimoto, 1999; Coffey et al., 2002) and to
attenuate Bim mRNA expression in CGNs subjected to trophic
factor withdrawal (Harris and Johnson, 2001). In the present
study we observed that incubation of frophic factor-deprived
CGNs with the pyridinyl imidazole JNK/p38 inhibitor SB203580
(Harada and Sugimoto, 1999; Coffey et al., 2002) blunted the
phosphorylation of c-Jun on Ser®® (Fig. 64) and prevented the
increased expression of c-Jun detected by immunoblotting (Fig.
6B). Moreover, SB203580 significantly attenuated the induction
of Bim,, consistent with a role for c-Jun in the regulation of Bim
expression in CGNs (Fig. 6C,D). To determine whether IGF-I
blocks Bim induction via an inhibition of c-Jun, we analyzed the
effects of IGF-I on c-Jun phosphorylation and expression. The
addition of IGF-I to CGNs deprived of serum and depolarizing
potassium failed to attenuate either the phosphorylation of c-Jun
on Ser®® (Fig. 6E) or the increased expression of c-Jun observed
by Western blot (Fig. 6F). Thus IGF-I suppresses the induction of
Bim in apoptotic CGNs via a mechanism that is independent of
the transcription factor c-Jun. :

IGF-1 prevents dephosphorylation and nuclear
translocation of the forkhead transcription

factor FKHRL1

Recently, a member of the forkhead family of transcription fac-
tors, FKHRL]1, was shown to regulate the induction of Bim in
lymphocytes undergoing apoptosis in response to cytokine with-
drawal (Dijkers et al., 2000). Furthermore, overexpression of a
constitutively active mutant of FKHRL1 was sufficient to in-
crease Bim expression in B-cells (Dijkers et al., 2000). The actions
of forkhead family members are regulated by phosphorylation on
serine and threonine residues. The prosurvival kinase AKT is the
main effector of IGF-I that is activated downstream of PI3K, and
FKHRL1 has been identified as a principal substrate of AKT in
neuronal cells (Brunet et al., 1999; Zheng et al., 2000). Therefore,
we first assessed the phosphorylation status of AKT and
FKHRLI1 in CGNs by immunoblotting with phospho-site-specific
antibodies. CGNs cultured in the presence of serum and depo-
larizing potassium showed marked phosphorylation of AKT on
Ser*”, indicative of high AKT activity (Fig. 74, first lane). In
parallel, control CGNs also exhibited high phosphorylation of
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FKHRLI on Ser®, one of the sites targeted by AKT (Fig. 7B,
first lane). Removal of serum and depolarizing potassium resulted
in a pronounced dephosphorylation (inactivation) of AKT (Fig.
7A, second lane) and a corresponding loss of FKHRL1 phosphor-
ylation (Fig. 7B, second lane). The addition.of IGF-I to CGNs
deprived of serum and depolarizing potassium maintained the
phosphorylation of both AKT (Fig. 74) and FKHRLI1 (Fig. 7B),
effects that were blocked by the PI3K inhibitor wortmannin.

" Phosphorylation of FKHRLI1 on Thr3? and Ser®? by AKT
results in the translocation of FKHRLI1 from the nucleus to the
cytoplasm where it subsequently is sequestered by 14-3-3 proteins
(Brunet et al.,, 1999). Thus IGF-I signaling via AKT has the
potential to regulate negatively the transcriptional activity of
FKHRLI1 by excluding it from the nucleus. We next examined the
cellular localization of FKHRL1 in CGNs. FKHRL1 was local-
ized predominantly to the cytoplasm in CGNs maintained in the
presence of trophic factors (Fig. 7C, top left panel). After acute
trophic factor withdrawal FKHRL1 underwent a dramatic trans-
location to the nucleus (Fig. 7C, top right panel). The nuclear
translocation of FKHRIL1 was prevented completely by IGF-I
(Fig. 7C, bottom left panel) in a PI3K-dependent manner (Fig. 7C,
bottom right panel). Collectively, these results demonstrate that,
under conditions in which IGF-I blocks Bim induction (Fig. 5), it
concurrently sustains high AKT activity, robust FKHRL1 phos-
phorylation, and the exclusion of FKHRLI1 from the nucleus.
These findings are consistent with a role for FKHRL1 in the
regulation of Bim expression in CGNs. Moreover, these data
suggest a novel mechanism by which IGF-I suppresses Bim in-
duction in-trophic factor-deprived CGNs by blocking the actions
of FKHRLI1.

Adenoviral-mediated expression of dominant-negative
AKT results in dephosphorylation of FKHRL1 and
induction of Bim

To assess more directly the role of AKT in the regulation of
FKHRL1 activity and Bim expression, we infected CGNs with an
adenovirus expressing a kinase-dead dominant-negative mutant
of AKT (Ad-DN-AKT). As described above, CGNs cultured in
the presence of serum and depolarizing potassium showed
marked phosphorylation of AKT on Ser*”, indicative of high
endogenous AKT activity (Fig. 74, first lane). Under these con-
ditions the adenoviral-mediated expression of DN-AKT resulted
in a marked dephosphorylation of FKHRL1 on the AKT target
site Ser®> (Fig. 84) when compared with CGNs infected with a
negative control adenovirus (Ad-CMV). Moreover, the dephos-
phorylation of FKHRL1 induced by DN-AKT was associated
with a coordinated increase in the expression of Bim, (Fig. 8B).
These data further support a mechanism by which IGF-I/AKT
signaling blocks Bim induction at the level of the FKHRLI
transcription factor.

DISCUSSION

IGF-I promotes the survival of CGNs both in vitro and in vivo (Ye
et al., 1996; Lin and Bulleit, 1997). In the current study we have
investigated the neuroprotective mechanism of IGF-I in CGNs by
systematically analyzing its effects on components of the intrinsic
death-signaling cascade. First we found that IGF-I suppressed
activation of the executioner caspase-3 in CGNs subjected to
trophic factor withdrawal. This effect was blocked by the PI3K
inhibitor wortmannin, consistent with a role for PI3K/AKT sig-
naling in the IGF-I-mediated survival of CGNs. Previously,
ribozyme-mediated downregulation of caspase-3 was shown to
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Figure 6. Inhibition of c-Jun signaling attenuates the induction of Bim.
IGF-I does not block c-Jun activation in trophic factor-deprived CGNs. 4,
CGNs were incubated for 4 hr in either control (25K+Ser) or apoptotic
(5K-Ser) medium in the absence or presence of the JNK/p38 inhibitor
SB203580 (SB; 20 uMm). After incubation the cells were fixed, and c-Jun
phosphorylated on Ser®? was detected exclusively in the nuclear compart-
ment by using a phospho-specific polyclonal antibody. The images shown
are representative of results obtained in three independent experiments.
Scale bar, 10 um. B, CGNs were incubated for 4 hr in either control
(25K+Ser) or apoptotic (5K-Ser) medium in the presence of either DMSO
vehicle (VEH; 0.2%) or SB (20 pM), and cell lysates were subjected to
SDS-PAGE on 10% polyacrylamide gels. Proteins were transferred to
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inhibit CGN apoptosis (Eldadah et al., 2000), supporting involve-
ment of this executioner caspase in the mechanism of cell death.
Comparable with our results, IGF-I has been shown to attenuate
caspase-3 activation in other models of neuronal apoptosis via a
PI3K/AKT-dependent mechanism (Van Golen and Feldman,
2000; Barber et al., 2001). We also found that IGF-I blocked
activation of the intrinsic initiator caspase-9 in a PI3K-dependent
manner. Recently, selective peptide inhibitors of caspase-9 were
shown to prevent caspase-3 activation in CGNs, demonstrating
that caspase-9 activation occurs upstream of the executioner
during CGN apoptosis (Gerhardt et al., 2001). Moreover, we
found that adenoviral CrmA, an inhibitor of caspase-9, protected
CGNs from apoptosis. Similar to our data, IGF-I has been shown
to prevent caspase-9 activation in rat retinal ganglion cells after
optic nerve transection (Kermer et al., 2000). Collectively, these
data suggest a common mechanism by which IGF-I blocks acti-
vation of the executioner caspase-3 in neurons via inhibition of
the upstream intrinsic initiator caspase-9.

Because caspase-9 is activated after its recruitment into the
apoptosome, we analyzed the effects of IGF-I on cytochrome ¢
release from mitochondria. Acute trophic factor withdrawal from
CGNs induced a rapid redistribution of cytochrome ¢ from mi-
tochondria to focal complexes localized in neuronal processes.
The precise nature of these complexes is currently under inves-
tigation, but it is possible that these cytochrome c-rich structures
represent large aggregates of apoptosomes. This would allow for
a localized activation of caspases in neuronal processes where
many structural targets of these proteases exist (e.g., cytoskeletal
proteins). We currently are attempting to colocalize Apaf-1 and

© caspase-9 by immunocytochemical methods to these cytochrome

c-containing complexes. Regardless of their exact content, IGF-I
essentially abolished the formation of these complexes and main-
tained cytochrome ¢ in mitochondria. The effects of IGF-I on
cytochrome ¢ redistribution were prevented by wortmannin, con-
sistent with a previously recognized role for PI3K/AKT in the
inhibition of cytochrome c release (Kennedy et al., 1999). The
above results suggest that IGF-I inhibits the activation of
caspase-9 by preventing the release of cytochrome ¢ and the
subsequent formation of apoptosomes.

We next examined the role of the mitochondrial PTP in me-
diating the release of cytochrome c¢ during CGN apoptosis. In
trophic factor-deprived CGNs marked mitochondrial swelling
and depolarization were observed, indicative of PTP opening.
Although IGF-I has been shown to prevent mitochondrial depo-
larization in neuroblastoma cells exposed to hyperosmotic con-
ditions (Van Golen and Feldman, 2000), we did not observe any

€

PVDF membranes and immunoblotted (IB) with a polyclonal antibody to
c-Jun. The blot shown is representative of three separate experiments. C,
CGNs were incubated as described in B, but for 6 hr, and the cell lysates
were electrophoresed on 15% polyacrylamide gels and probed for Bim,.
D, Densitometric analysis of Bim, from three independent experiments
performed as described in C. The densitometry of Bim, detected in
control (25K+Ser) CGNs was set at 1.0, and all other values were calcu-
lated relative to the control. *Significantly different from the 25K+Ser
control (p < 0.01). E, CGNs were incubated for 4 hr in either control
(25K +Ser) or apoptotic (5K-Ser) medium in the presence of either PBS
vehicle (VEH) or IGF-I (200 ng/ml). After incubation the nuclear c-Jun
phosphorylated on Ser®® was detected by using a phospho-specific poly-
clonal antibody. The images shown are representative of three experi-
ments. Scale bar, 10 um. F, CGNs incubated as described in E were lysed,
and extracted proteins were immunoblotted for c-Jun. The blot shown is

illustrative of resalts obtained from three separate experiments. )
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Figure 7. IGF-I sustains the phosphorylation of AKT and FKHRL1 and
prevents the nuclear localization of FKHRL1 in CGNs deprived of
trophic support. 4, CGNs were incubated for 4 hr in either contro}
(25K+Ser) or apoptotic (SK-Ser) medium containing either PBS vehicle
(VEH) or IGF-I (200 ng/ml) *+ wortmannin (WORT; 100 nM). After
incubation the cell lysates were subjected to SDS-PAGE on 10% poly-
acrylamide gels, and the proteins were transferred to PVDF membranes.
Membranes were probed with a phospho-specific antibody that detects
active AKT that was phosphorylated on Ser*”® (p-4KT). Then the blots
were stripped and reprobed for total AKT to demonstrate equal loading.
The blots shown are typical of results obtained in three separate exper-
iments. B, CGNs were treated exactly as described in A, and the cell
lysates were immunoblotted for inactive FKHRLI1 that was phosphory-
lated on Ser?3 (p-FKHRLL1) by using a phospho-specific antibody. Then
the membranes were stripped and reprobed for total FKHRLI to verify
equal loading. The blots shown are illustrative of three independent
experiments. C, CGNs incubated as described in 4 were fixed and then
incubated with a polyclonal antibody to FKHRL1, followed by a Cy3-
conjugated secondary antibody. Fluorescent digitally deconvolved images
were acquired by using a 63X oil objective. The arrowheads indicate
nuclei that are relatively devoid of FKHRL1 immunoreactivity. The
images shown are representative of three separate experiments. Scale bar,

10 pm.

effect of IGF-I on either mitochondrial swelling or depolarization
in CGNs. Although IGF-I clearly blocked apoptosis in trophic
factor-deprived CGNs, the observation that it failed to prevent
mitochondrial swelling indicates that the neurons still have dam-
aged mitochondria in the presence of IGF-I. This finding suggests
that a slower nonapoptotic death process was unmasked in CGNs
by blocking the more rapid apoptotic death with IGF-1. The
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Figure 8. Adenoviral dominant-negative AKT induces dephosphoryla-
tion of FKHRLL1 and increases Bim expression. On day 5 in culture the
CGNs were infected with either a negative control adenovirus (4d-CMV)
or adenovirus expressing kinase-dead (dominant-negative) AKT (Ad-
DN-AKT), each at a multiplicity of infection of 50. At 48 hr after infection
the cell lysates were subjected to SDS-PAGE on either 7.5% (p-
FKHRLI) or 15% (Bim,) polyacrylamide gels, and the proteins were
transferred to PVDF membranes. A, The membrane was probed with a
phospho-specific antibody to inactive FKHRL1 phosphorylated on Ser®?
(p-FKHRL1I). B, The blot was probed with a polyclonal antibody that
detects the short isoform of Bim (Bim,).

characterization of a nonapoptotic death pathway in CGNs will
require further investigation. Nonetheless, because IGF-I
blocked cytochrome c release under conditions in which it failed
to ‘affect mitochondrial swelling or depolarization, we conclude
that opening of the PTP is insufficient to promote cytochrome ¢
release in trophic factor-deprived CGNs. These results are in
agreement with those previously reported for hippocampal neu-
rons exposed to staurosporine in which cytochrome c release and
caspase-3 activation preceded mitochondrial depolarization
(Krohn et al, 1999). Collectively, these results indicate that
opening of the PTP may not be a principal mechamsm for
cytochrome c release in neurons.

The proapoptotic Bcl-2 family member Bax has been impli-
cated in cytochrome c release and the apoptosis of CGNs in vitro
and in vivo (Miller et al., 1997b; Desagher et al., 1999; Selimi et
al., 2000b). The proapoptotic function of Bax is attenuated by
anti-apoptotic members of the Bcl-2 family (Bcl-2, Bcl-X;) that
heterodimerize with Bax and sequester it away from mitochon-
dria (Otter et al., 1998). Conversely, BH3-only Bcl-2 family mem-

" bers promote the proapoptotic effects of Bax by binding to Bcl-2,

thus freeing Bax to incorporate into the mitochondrial membrane
(Zong et al., 2001). In addition, BH3-only proteins also have been
shown to interact with Bax and induce a conformational change
that facilitates its incorporation into mitochondria (Desagher et
al,, 1999). These findings illustrate that BH3-only proteins serve
several key functions in the Bax-dependent release of cytochrome
¢ and initiation of the intrinsic death pathway.

The BH3-only protein Bim was shown recently to be induced
both in sympathetic neurons subjected to NGF withdrawal and in
trophic factor-deprived CGNs (Putcha et al., 2001; Whitfield et
al., 2001). Sympathetic neuron apoptosis was attenuated by injec-'
tion of Bim antisense oligonucleotides (Whitfield et al., 2001),
and neurons from Bim knock-out mice were less sensitive to
apoptosis than neurons from wild-type mice (Putcha et al., 2001).
In addition, overexpression of Bim induced apoptosis in sympa-
thetic neurons (Whitfield et al.,, 2001) and in CGNs in a Bax-
dependent manner (Harris and Johnson, 2001). Multiple iso-
forms of Bim have been identified that apparently arise by
alternative splicing (O’Connor et al., 1998). In the works cited

‘above (Putcha et al., 2001; Whitfield et al, 2001), Bimg, ‘was

induced during neuronal apoptosis, whereas we observed the
induction of Bim, in CGNs subjected to trophic factor withdrawal.
These isoform-specific differences may be a result of the specific
antibodies used to detect Bim. The polyclonal antibody used in
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the current study detected primarily a single ~15 kDa protein in
CGN lysates and in human embryonic kidney 293 cell lysates
(data not shown), consistent with the apparent molecular weight
of Bim,. We observed an approximately threefold induction of
Bim, protein after acute trophic factor withdrawal that was pre-
vented completely by inclusion of IGF-I in a PI3K-dependent
manner. These results suggest that IGF-I suppresses the intrinsic
death pathway upstream of Bim synthesis. Consistent with this
conclusion, Harris and Johnson (2001) have shown recently that
IGF-I was unable to rescue CGNs from apoptosis induced by
overexpression of the BH3-only protein Dp5/Hrk. Thus our data
are the first to identify the upregulation of Bim as a major target
of IGF-I action in neurons undergoing apoptosis.

Bim expression is regulated by multiple transcription factors. In
NGF-deprived sympathetic neurons dominant-negative c-Jun
partially attenuated the induction of Bim mRNA and Bimg;
protein, inhibited cytochrome c release, and rescued sympathetic
neurons from apoptosis (Whitfield et al., 2001). c-Jun also has
been implicated in the apoptosis of CGNs (Watson et al., 1998),
and an inhibitor of the JNK signaling pathway (CEP-1347) was
shown recently to blunt partially the induction of Bim mRNA in
CGNs subjected to trophic factor withdrawal (Harris and John-
son, 2001). In agreement with JNK/c-Jun involvement in the
induction of Bim, in CGNs undergoing apoptosis, the p38/JNK

inhibitor SB203580 significantly attenuated boththe activation-of - . -

c-Jun and the increase in Bim, expression. However, IGF-I failed
to inhibit c-Jun activation under conditions in which it signifi-
cantly blocked the induction of Bim,. These results indicate that
c-Jun plays a role in the regulation of Bim expression during CGN
apoptosis, but IGF-I suppresses the induction of Bim via a mech-
anism that does not involve modulation of JNK/c-Jun signaling.
This conclusion is in agreement with the work of Whitfield et al.
(2001), who proposed that INK/c-Jun signaling cooperates with a
distinct INK/c-Jun-independent pathway to stimulate the expres-
sion of Bim in sympathetic neurons deprived of NGF.

In this context the forkhead transcription factor FKHRL1 has
been shown recently to regulate Bim expression in hematopoietic
cells (Dijkers et al., 2000). Cytokine withdrawal from a pro-B cell
line induced activation (dephosphorylation) of FKHRLI1, induc-
tion of Bim, and apoptosis (Dijkers et al., 2000). Moreover, expres-
sion of a constitutively active mutant of FKHRLI, in which three
putative AKT phosphorylation sites are mutated to alanine, in-
duced Bim expression, cytochrome ¢ release, and apoptosis in
hematopoietic cells (Dijkers et al., 2002). Given that FKHRL1 has
been shown to be a substrate for AKT in neurons (Zheng et al.,
2000), the AKT-mediated inactivation of FKHRL1 may be one
mechanism by which IGF-I inhibits apoptosis. Indeed, overexpres-
sion of a constitutively active FKHRLL triple phosphorylation site
mutant is sufficient to induce the apoptosis of CGNs (Brunet et al.,
1999). In the present study we showed that trophic factor with-
drawal from CGNs led to an inactivation of AKT, a corresponding
activation of FKHRLI1, and translocation of FKHRL1 to the
nucleus. All of these effects, along with the induction of Bim, were
prevented by IGF-I in a PI3K-dependent manner. In addition,
adenoviral expression of a dominant-negative mutant of AKT was
sufficient to activate FKHRL1 and induce Bim expression in
CGNs maintained in the presence of serum and depolarizing
potassium. Taken together, our data suggest that IGF-I attenuates
the induction of Bim in trophic factor-deprived CGNs via a PI3K/
AKT-mediated inactivation of the FKHRLI transcription factor.

In summary, our results demonstrate that suppression of the
intrinsic death signaling cascade is a principal mechanism under-

1
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lying the neuroprotective effects of IGF-I1. IGF-I blocks Bim.
induction, -cytochrome c¢ release, and activation of the intrinsic
initiator caspase-9 and the executioner caspase-3 in CGNs de-
prived of trophic support. Moreover, IGF-1 inhibits the actions of
FKHRLY], a transcriptional regulator of Bim, suggesting a novel
c-Jun-independent mechanism for the modulation of Bim in
neurons. ‘
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NEUROTROPHINS AND DEATH RECEPTORS REGULATE AUTOPHAGIC DEATH IN -
CEREBELLAR PURKINJE NEURONS T

M.L: FlOrez—McClurel*; D.A. Linsemanl’z; C.T. Chu3; R.J . Boilchafdz; T.A. Laessigz;“S.S. Le% KA.
Heidenreich!:2

1. Pharmacology, Univ Colorado Hlth Sci Ctr, Denver, CO, USA2. Denver VAMC Denver, CO, USA
3. Neuropathology, Univ Pitt Sch Med, Pittsburgh, PA, USA

Cerebellar neuronal cultures obtained from early postnatal rats are recognized as an in vitro model
system to investigate the regulation of neuronal survival and death. Granule neurons make up -
“approximately 95% of the cerebellar cell cultures and undergo a classical apoptotic mode of cell death
following the removal of serum and depolarizing potassium. In contrast, Purkinje neurons, which make
up 3% of the cerebellar culture, undergo a non-apoptotic, autophagic death following serum -
withdrawal. The Purkinje cell death is characterized morphologically by extensive cytoplasmic
vacuolation and by 4 notable lack of huclear condensation. The vacuoles that form are positively
stained with the acidic pH-sensitive dye, lysosensor blue, and monodansylcadaverine, a marker of
autophagic vacuoles. Transmission electron microscopy confirmed that these vacuoles were

* autophagic in nature. In this model; exogenous nerve growth factor (NGF) inhibited the vacuolation
and death of Purkinje neurons induced by serum withdrawal. Conversely, addition of NGF-
neutralizing antibodies induced the vacuolation and death of Purkinje neurons. Finally, the autophagic
death of Purkinje neurons induced by either serum withdrawal or NGF-neutrahzmg antibodies was
significantly inhibited by adenoviral expression of a dominant-negative Fas-associated death domain
(FADD) protein. These data suggest a model in which neurotrophin and death receptor signaling
pathways converge to regulate the autophagic death of Purkae neurons. The potential roles of high vs.
low affinity NGF receptors, TrkA and p75ntr, respectlvely, in modulatmg Purkinje neuron survival are
_currently being investigated. ‘
Support Contributed By: VA Merit and REAP Awards (KAH and DAL); NIH Grant NS3861 9-0141 .
(KAH); DOD Grant AIBS#980281 (KAH),; NRSA Fellowship NS045560-01 (MLM) ‘
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EXTRINSIC AND INTRINSIC DEATH SIGNALING IN CEREBELLAR N'EURONAL
APOPTOSIS: THE IGF-I CONNECTION

' ’*Lmseman DA*; McClure ML Phelps RA Bouchard RJ, Laesmg TA, Le SS, Ahmadi F,
Heidenreich KA

University of Colorado Health Sciences Center, Department of Pharmacology, 4200 East Ninth
Avenue, Denver CO 80262 and Denver Veterans Affalrs Medical Center

Primary cerebellar granule neurons die by apoptosis when deprived of serum and depolarizing
potassium. - Here, we investigated the role of extrinsic (death receptor-mediated) and intrinsic
(mitochondrial-dependent) death signals in cerebellar neuron apoptosis. Expression of
adenoviral, epitope-tagged, dominant-negative Fas-associated death domain protein (AFADD)
decreased granule neuron apoptosis by approximately 75%. Immunocytochemical staining for
‘the epltope tag revealed that <5% of granule neurons expressed AFADD. In contrast, AFADD
expression was observed in >95% of Purkinje neurons. Purkinje neurons were calbindin-positive
and made up ~2% of the cerebellar neuron culture. Granule neuron survival was dependent on
proximity to AFADD-expressing Purkinje neurons and was inhibited by an insulin-like growth
factor-I (IGF-I) receptor blocking antibody. Utilizing exogenous IGF-1, we identified the
intrinsic death. pathway as a principal target of IGF-I action in granule neurons. IGF-I blocked
actlvatlon of both the executioner caspase-3 and the intrinsic initiator caspase-9 Upstream of
- caspase-9, IGF-I inhibited release of cytochrome C from mitochondria and prevented its
redistribution to focal complexes localized in neuronal processes. Finally, IGF-I blocked nuclear
translocation of the forkhead transcription factor, FKHRL1, and attenuated induction: of its
transcriptional target, the BH3-only Bcl-2 family member Bim. The results indicate that
blockade of extrinsic death signaling in Purkinje neurons rescues neighboring granule neurons by
sustaining the secretion: of Purkinje-derived IGF-I. In turn, IGF-I exerts its neuroprotective
effect in granule neurons by suppressing the intrinsic death cascade. Thus, IGF-I acts as a key
intercéllular mediator between cerebellar Purkinje neurons and granule neurons to promote
neuron survival. Supported by a United States Army Medical Research Grant DAMDI7-99-1-
9481 (K.A.H), a Veterans Affairs Merit Award (K.A.H.,), and a Veterans Affairs Research
" Enhancement Award Program (K. A.H. and D.A.L.). .
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BAX TRANSLOCATION TO MITOCHONDRIA IS TRIGGERED BY
PERMEABILITY TRANSITION PORE OPENING IN CEREBELLAR

;m”w_*__GRANIHJE_NEIHZONSlHNDERGO«INGA‘POPTO SIS— :
o T.A. Precht'; R.A. Phelpsl; D.A. Linseman'?; B.D. Butts! ; R.J. Bouchard?; S.S. Le?; T.A.
Laessig?; K.A.._Heidenreichl’2 )

1. Pharmacology, Univ Col Hith Sci Ctr, Denver, CO, US4~
2. Denver VAMC, Denver, CO, USA

Cerebellar granule neurons (CGNis) require depolarization for their survival. When
deprived of this stimulus, CGNs die via a mitochondrial apoptotic cascade involving Bim
induction, cytochrome C release, and caspase-9 and -3 activation (Linsemanet al.,J
Neurosci 2002, 22: 9287-97). Opening of the mitochondrial permeability transition pore
(mPTP), characterized by mitochondrial depolarization and swelling, is an early event in
apoptosis. However, the precise role of mPTP opening is presently unclear. Here, we
show that an inhibitor of mPTP opening, cyclosporin A (CyA), blocks cytochrome C
release from mitochondria in CGNs deprived of depolarizing K+. While CyA had no
effect on Bim induction, it prevented the cytosol-to-mitochondrial translocation of a
GFP-Bax fusion protein expressed in CGNs. These data suggested that mPTP opening
acts as an initiating event to stimulate Bax translocation to mitochondria. To determine if
this is the principal function of mPTP opening during CGN apoptosis, we constructed a
GFP-Bax point mutant (T182A) that constitutively localizes to mitochondria and induces
apoptosis in transfected HEK cells. Expression of this Bax mutant in CGNs resulted in
cytochrome C release and caspase-9 and -3 activation that occurred in the absence of
mPTP opening. Moreover, CGN apoptosis induced by the Bax (T1 82A) mutant was
insensitive to inhibition by CyA. These results demonstrate that constitutive localization
of Bax to mitochondria circumvents the requirement for mPTP opening and is sufficient
to induce apoptosis. Collectively, these data indicate that the major role of mPTP opening
in CGN apoptosis is to trigger Bax translocation to mitochondria, ultimately leading to
cytochrome C release and caspase activation. _
Support Contributed By: VA Merit and REAP Awards (KAH and DAL); NIH and DOD"

Grants (KAH)
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INHIBITION OF RAC GTPASE INDUCES BIM AND ACTIVATES A
MITOCHONDRIAL APOPTOTIC CASCADE IN CEREBELLAR GRANULE
NEURONS :

S.S.Le* R.J. Bouchard®"; T.A. Laess1g B.D. Butts; RA Phelps?; KA Heidenreich'?;
D.A. Lmseman1 2

1. Pharmacology, Univ Col Hith Sci Ctr, Denver Co, USA2 Denver VAMC, Denver,
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Cerebellar granule neurons (CGNs) requlre depolanzatlon and serum for their survival -
- and undergo a mitochondrial apoptotic death when deprived of this trophic support (J
Neurosci 2002, 22: 9287-97). In addition to synaptic activity and growth factors,
neuronal survival also depends on signaling from cell-matrix contacts. Rho family

- GTPases are key transducers of extracellular matrix survival signals. We recently
showed that CGN survival is compromised by inactivation of Rac/Cdc42 GTPases (J-
Biol Chem 2001, 276: 39123- 31) Here, we investigate the death pathway activated in
CGNs by inhibition of Rac using either C. difficile toxin B (a specific inhibitor of Rho,
Rac, and Cdc42) or an adenoviral dominant-negative Rac mutant (from H. Udo and E.
Kandel, Columbia University, NY). Inhibition of Rac in CGNSs cultured in the presence
of serum and depolarization induced cytochrome C release from mitochondria and

- acfivation of the initiator caspase-9 and the executioner caspase-3. Rac inhibition also
led to phosphorylation of c-Jun, induction of the BH3-only protein Bim, and
translocation of Bax to mitochondria. An inhibitor of INK (SB203580) blocked c-Jun -
phosphorylation and attenuated Bim induction, cytochrome C release, and caspase
activation induced by loss of Rac function. The mitochondrial apoptotic cascade
activated by Rac inhibition is indistinguishable from that induced after trophic factor

- deprivation, indicating that loss of distinct pro-survival signals promotes execution of a
common death pathway in CGNs. Moreover, these data are the first to implicate Rho
family GTPases in the regulation of Bim and Bax. Identification of the Rac-dependent
signals that modulate these pro-apoptotic Bcl-2 family members is key to understandmg
how Rac influences CGN survival. :
Support Contributed By: VA Merit and REAP Awards (DAL and KAH); NIH and DOD

Grants (KAH)
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GLYCOGEN SYNTHASE KINASE-38 PROMOTES BAX TRANSLOCATION

TO MITOCHONDRIA DURING APOPTOSIS OF CEREBELLAR GRANULE
NEURONQ :

B.D. Butts'; ; D.A. Lmseman12 T.A. Precht’; R.A. Phelps T.A. Laesmg RJ.
Bouchard?; S S.Le%; K.L. Tyler2 KA. Heldem'emh
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Cerebellar granule neurons (CGNs) deprived of depolarizing extracellular K+ and serum -
die via an intrinsic apoptotic pathway involving Bax-dependent release of cytochrome C
from mitochondria and subsequent caspase activation. Translocation of Bax from the '
cytosol to mitochondria is an early event in CGN apoptosis, but the mechanisms

" regulating this process are unclear. Here we show that upon induction of apoptosis in

CGNs, a transiently expressed GFP-Bax,ph, fusion protein undergoes translocation to
mitochondria coincident with activation of glycogen synthase kinase-38 (GSK-38), a
Ser/Thr kinase that plays a pro-apoptotic role in CGNs. Both peptide (insulin-like growth
factor-I) and non-peptide, small molecule (substituted oxothiadiazolidinones) inhibitors -
of GSK-3B attenuated GFP-Bax,pha translocation to mitochondria in trophic factor-

* deprived CGNS. In a separate set of experiments, transient co-transfection of HEK cells

with GFP-Bax,i, and a constitutively-active mutant of GSK-38 (Ser9A1a) enhanced
GFP-Baxiph, localization to mitochondria. Examination of the Bax,ihs amino acid
sequence revealed a putative GSK-3B consensus phosphorylation site, S¥XXXT, at
Ser163 that is highly conserved in multiple species including rat, mouse, bovine, and
human. Mutation of Ser163 to Ala in GFP-Bax.ipn. impaired its localization to ,
mitochondria in HEK cells even when co-transfected with active GSK-3B. Similarly, a
naturally occurring splice variant, BaXgigms, Which lacks a 13 amino acid region including
the putative GSK-3B consensus site, also failed to localize to mitochondria when co-
transfected with active GSK-3B into HEK cells. These data reveal a novel role for GSK-
3B in regulating Bax translocation to mitochondria during neuronal apoptosis. '
Support Contributed By: VA Merit and REAP Awards (KAH and DAL) NIH and DOD
Grants (KAH)
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CAMKII PROMOTES CEREBELLAR GRANULE NEURON SURVIV AL BY
BLOCKING HDAC REPRESSION OF MEF2 TRANSCRIPTIONAL ACTIVITY

—~DALinseman ™ C:M-Bartey' TS e’ TAT Baessig?; R-F- Bouchard; KeAr———————————

Heidenreich'?

1. Pharmacology, Univ Col Hith Sci Ctr, Denver, CO, USA
2. Denver VAMC, Denver, CO, USA '

‘Cerebellar granule neuron (CGN) survival depends on activity of the myocyte enhancer

factor-2 (MEF2) transcription factors that are regulated by depolarization. The
mechanism by which Ca2+ influx regulates MEF2 activity in CGNs is presently unclear.
Here, we show that depolarization-mediated MEF2 activity and CGN survival are
compromised by overexpression of the MEF2 repressor histone deacetylase-5 (HDACS).

~ Furthermore, induction of CGN apoptosis by removal of depolarizing K+ induced rapid

cytoplasm-to-nuclear translocation of endogenous HDACS. This effect was mimicked by
addition of the ca1c1um/calmoduhn-dependent kinase (CaMK) inhibitor KN93 to
depolarizing medium. Removal of depolarizing K+ or KN93 addition increased the
electrophoretic mobility of HDACS, consistent with its dephosphorylation. Moreover,
HDACS5 co-precipitated with MEF2D under these conditions. The nuclear translocation

of HDACS5 induced by KN93 caused a marked loss of MEF?2 transcriptional activity.

MEF? inactivation was followed by caspase-3 activation, microtubule disruption, and
chromatin fragmentation. To selectively decrease CaMKII activity, CGNs were incubated
with a FITC-labeled antisense oligonucleotide to CaMKII®. This antisense decreased
CaMKII® protein expression and induced nuclear shuttling of HDACS in CGNs
maintained in depolarizing medium. Selectivity of the CaMKII® antisense was ,
demonstrated by its lack of effect on CaMKIV-mediated CREB phosphorylation. Finally,
antisense to CaMKII0 induced caspase-3 activation and apoptosis, whereas a missense
control oligo had no effect on CGN survival. These results indicate that depolarization-

‘mediated Ca2+ influx acts through CaMKII to inhibit the MEF2 repressor HDACS,

thereby sustaining high MEF2 activity in CGNs maintained under depolarizing

conditions.
Support Contributed By: VA Merit and REAP Awards (KAH and DAL); NIH and DOD

Grants (KAH)




